Evaluating the importance of the food matrix on the antimicrobial effect of organic acids and the performance of existing predictive models with focus on lightly preserved seafood by MAGLIANO, ILARIA
  
Evaluating the importance of the food matrix on 
the antimicrobial effect of organic acids and the 
performance of existing predictive models with 





Laurea Magistrale in 
Biosicurezza e Qualitá degli Alimenti 
 







Dr. Monica Agnolucci, DISAAA-a (UNIPI) 
Dr. Ole Mejlholm, DTU Food 
 
Correlatore 





UNIVERSITÀ DI PISA 
Dipartimento di Scienze Agrarie, Alimentari e Agro-ambientali  













To my grandfathers  









Changes in consumers’ habits have led to an increase in the production of ready-
to-eat (RTE) food, including lightly preserved seafood. In lightly preserved seafood, 
lactic acid bacteria (LAB) has often been detected as the dominant spoilage microbiota 
and Listeria monocytogenes has been identified as the most relevant pathogen. 
Recently, a mathematical model that predicts the simultaneous growth of 
L. monocytogenes and psychrotolerant LAB in processed seafood and mayonnaise-
based shrimp salads was developed. The LmLAB model takes into account the effect of 
microbial interaction and predicts the individual, as well as the interactive effects, of 12 
preserving parameters on microbial growth, including acetic, benzoic, citric, lactic and 
sorbic acids (Mejlholm and Dalgaard, 2015). 
The aim of this thesis was to study the influence of the composition of the food 
matrix on the antimicrobial effect of organic acids. Furthermore the performance of the 
LmLAB model was evaluated in order to examine if additional parameters should be 
included in the model in order to obtain better predictions and to increase its range of 
applicability.  
Two challenge test were performed on (i) minced salmon and cod filets, and (ii) 
mayonnaise-based shrimp salad stored under modified atmosphere packaging (MAP), 
including products with different concentrations of lipid and organic acids. Benzoic and 
sorbic acids, with relatively high solubility in the lipid phase, were examined together 
with acetic, citric and/or lactic acid, having a low solubility in the lipid phase. 
L. monocytogenes and Lb. sakei were inoculated in all products. The growth kinetics of 
the microbiota and the chemical characteristics of the products were determined in order 
to be able to compare observed and predicted growth of L. monocytogenes and LAB. 
Growth of L. monocytogenes was observed only in minced salmon and cod filets with 
added lactic acid. Hence, the presence of benzoic and sorbic acids, in combination with 
other organic acids and chilled storage, seems to control the growth of 
L. monocytogenes in mayonnaise-based shrimp salad. As expected, LAB became 
predominant within the microbiota of all examined products. 
The LmLAB model overestimated the growth of L. monocytogenes (i.e. fail-safe 
predictions) in salmon and cod products, whereas no-growth of L. monocytogenes was 
correctly predicted in mayonnaise-based shrimp salad. The growth of LAB was 
underestimated in salmon products (Bias factor = 0.82) and mayonnaise-based shrimp 
salads (Bias factor = 0.67), and overestimated in cod products (Bias factor = 1.20). 
The performance of the model was extensively improved for Lactobacillus spp. 
with respect to prediction of µmax values when partitioning of organic acids between the 
lipid and the water phase of salmon products and mayonnaise-based shrimp salad 
(including benzoic and sorbic acids) was considered. Bias factors of 0.91 and 1.01 were 
obtained, respectively. No improvements were observed for treatments based on cod 
(Bias factor = 1.24). 
In conclusion the partitioning of organic acids between the lipid and the water 





I cambiamenti nello stile di vita dei consumatori hanno portato ad un aumento 
della produzione di alimenti ready-to-eat, compresi i prodotti ittici minimamente 
trattati. In quest’ultima categoria di prodotti, i batteri lattici (LAB) sono spesso causa di 
alterazione e Listeria monocytogenes è conosciuto come il patogeno più rilevante. 
Recentemente è stato sviluppato un modello matematico (LmLAB) che prevede la 
crescita simultanea di L. monocytogenes e batteri lattici in prodotti ittici trasformati e 
insalata di gamberetti con maionese. Il modello LmLAB tiene in considerazione 
l’effetto dell’interazione microbica e predice sia l’effetto individuale che quello 
interattivo di 12 fattori fisico-chimici e ambientali che influenzano la crescita 
microbica. Tra questi fattori troviamo l’acido acetico, benzoico, citrico, lattico e sorbico 
(Mejlholm and Dalgaard, 2015). 
Lo scopo di questa tesi è stato quello di studiare l’influenza della composizione 
della matrice alimentare sull’effetto antimicrobico degli acidi organici. Inoltre la 
performance del modello LmLAB è stata valutata per esaminare se ulteriori fattori 
dovessero essere aggiunti nel modello in modo da migliorarne le predizioni e ampliare il 
campo di applicazione. Salmone e merluzzo tritati e insalata di gamberetti con maionese 
confezionati in atmosfera modificata sono stati contaminati sperimentalmente con 
L. monocytogenes e Lb. sakei. I prodotti erano caratterizzati da differente 
concentrazione lipidica e contenevano diversi acidi organici. Gli acidi benzoico e 
sorbico, con un’elevata solubilità nella fase lipidica, sono stati esaminati insieme agli 
acidi acetico, citrico e lattico caratterizzati da una bassa solubilità nella fase lipidica. La 
cinetica di crescita del microbiota e le caratteristiche dei prodotti sono state determinate 
per poter confrontare la crescita di L. monocytogenes e dei LAB osservata e predetta. La 
crescita di L. monocytogenes è stata osservata solamente in salmone e merluzzo 
contenenti acido lattico. La presenza di acidi benzoico e sorbico, in combinazione con 
altri acidi organici e stoccaggio a temperature di refrigerazione, sembra poter controllare 
la crescita di L. monocytogenes in insalata di gamberetti con maionese. Durante il 
periodo di campionamento, i batteri lattici sono diventati predominanti all’interno del 
microbiota di tutti i prodotti analizzati.  
La crescita di L. monocytogenes è stata sovrastimata dal modello LmLAB 
(predizioni fail-safe) in salmone e merluzzo, mentre l’assenza di crescita è stata predetta 
correttamente in insalata di gamberetti con maionese. La crescita dei LAB è stata 
sottostimata in salmone (Bias factor = 0.82) e insalata di gamberetti con maionese (Bias 
factor = 0.67), mentre in merluzzo è stata sovrastimata (Bias factor = 1.20). La 
performance del modello è stata ampiamente migliorata per quanto riguarda la 
previsione della velocità massima di crescita (µmax) di Lactobacillus spp. in salmone e 
insalata di gamberetti con maionese (contenenti acido benzoico e sorbico) quando è 
stata considerata la partizione degli acidi organici tra fase lipidica e fase acquosa. Sono 
stati ottenuti valori di Bias factor di 0.91 e 1.01, rispettivamente. Invece, non sono stati 
osservati miglioramenti nelle predizioni per i prodotti a base di merluzzo (Bias factor = 
1.24).  
In conclusione, il modello dovrebbe considerare la partizione degli acidi organici 
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Food quality and safety, has become an increasingly important international 
concern. This is due to the increasing interest of consumers in quality and nutritional 
aspects of what they eat. BSE, avian flu and dioxin residues represent issues concerning 
food that consumers have had to face up to in the recent decades. Changes in life style, 
on one side, and the consumer resistance to protective treatment such as chemical 
preservation, on the other side, have increased the request for ready-to-eat (RTE) food 
and lightly preserved food with better fresh-like qualities. Consumers increasingly 
expect food with longer shelf-life and high quality maintained until consumption 
(Kilcast and Subramaniam, 2000). Furthermore, socio-economic changes such as the 
new economic policy based on free trade and on cross-border movement of goods, 
globalization and migrations, resulting in increased distribution distances and longer 
storage times, contribute to the need for food safety (Vermeiren et al., 1999; Huss et al., 
2003). In order to meet consumer demands, food industry has had to develop products 
mildly preserved, more natural (e.g. free from additives), healthy and with higher 
quality, on one hand, and products more convenient, with longer shelf-life and high 
assurance of safety, on the other hand (Gould, 2000). As consequence, food industry, 
producers, retailers, governments and traders have had to increase the effort to ensure a 
safe food supply, from production of raw materials to sale of final products. Although 
consumer trends represent a business opportunity for food industry, the request for 
mildly processed food with longer shelf life is a challenge regarding food safety 
insurance. The increasing interest in mildly preserved food, including low salt content, 
has involved the seafood processing industry. Chilled RTE seafood has become 
economically important in Europe, contributing to the economy of food industry in 
countries such as Denmark and Norway. Seafood sector has focused on production of 
lightly preserved seafood, e.g. cold-smoked fish, marinated products, mildly cooked 
peeled crustaceans, brined seafood and seafood salads in the last decades. Production of 
lightly preserved products has induced new ecosystems for both pathogenic and food-
spoilage microorganisms. Concerning this, the use of mathematical models that predict 
growth of pathogenic and food-spoilage (e.g. lactic acid bacteria (LAB)) 
microorganisms depending on product characteristics and storage conditions can be a 
useful and important tool in order to produce safe lightly preserved seafood and 
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estimate their shelf-life. Furthermore, predictive microbiology can contribute to develop 
new products or reformulate existing products and to document control of relevant 
pathogens e.g. Listeria monocytogenes in lightly preserved seafood. EU Regulation EC 
2073/2005 indicates predictive mathematical models as tools for evaluating the 
compliance of RTE foods with the safety criteria for L. monocytogenes (Mejlholm et 
al., 2010). At the National Food Institute (DTU Food) of Denmark, Mejlholm and 
Dalgaard developed and validated mathematical models that predict the growth rate and 
the growth boundary of L. monocytogenes and LAB in different types of ready-to-eat 
foods, including seafood and meat products (Mejlholm and Dalgaard, 2009; Mejlholm 
et al., 2010; Mejlholm and Dalgaard, 2013; 2014; 2015). These models take into 
account the effect of the individual, as well as the interactive effects, of 12 relevant 
parameters influencing growth of microorganisms, including temperature, salt/water 
activity, pH, atmosphere (CO2), smoke components (phenol), nitrite and six organic 
acids. It is important to use developed models within the range of parameters and type 
of products for which they have been validated. At the same time, it would be 
interesting to improve the model performance and to expand the range of application of 
developed models. Recently, in challenge test with mayonnaise-based shrimp salads it 
was observed that the growth of L. monocytogenes and LAB was underestimated by a 
newly developed model (Mejlholm and Dalgaard, 2015). These authors have suggested 
that the partitioning of organic acids between the lipid and the water phase could be a 
possible explanation for the unacceptable performance of the model. Indeed, the model 
does not take into account the partitioning coefficient of organic acids between the 
water and the lipid phase and as microorganisms are hydrophilic, the proportion of 
preservatives dissolved in the lipid phase of foods should not influence microbial 
growth (Mejlholm and Dalgaard, 2015). 
1.1. Lightly preserved seafood: preservation techniques 
Several preservation techniques are used to prevent, reduce or eliminate 
microbial growth in food products. Factors influencing microbial growth in food are 
divided into those inherent to the food matrix (intrinsic factors) and in those concerning 
the environment (extrinsic factors). The intrinsic factors include pH, salt/water activity, 
redox potential, nutrients and antimicrobial compounds; the extrinsic factors are mainly 
temperature, gas composition and humidity. The interaction among factors determines 
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the group of microorganisms able to grow in a specific environment. Appropriate 
product formulations and storage conditions result in a combination of different 
preservation factors (hurdles) that influence microbial stability and safety of foods. This 
effect is called hurdle technology and has allowed the development of mild preservation 
techniques (Leistner and Gorris, 1995).  
Lightly preserved seafood include a group of chilled stored (≤5°C) RTE foods 
characterized by relatively high pH (>5.0) and low levels of salt (<6% NaCl in the water 
phase). Different types of fish and shell fish are involved in the formulation of these 
products and transformed by mild technologies. Such technologies include packaging 
under vacuum or modified atmosphere, addition of preservatives such as organic acids, 
and cold or hot smoking. These treatments are used with the aim to produce mildly 
preserved food, stable and safe, with specific sensory characteristics, resulting in a wide 
range of product characteristics and storage conditions. 
1.1.1. Storage temperature 
The temperature is the major environmental factor affecting bacterial growth in 
lightly preserved seafood. Microorganisms have a defined temperature range within 
which they can grow and they can be highly sensitive to temperature changes. The 
range is characterized by three cardinal temperatures: a minimum, below which growth 
no longer occurs, an optimum at which the growth rate is the highest, and a maximum, 
above which the microorganisms die (Table 1.1). Low temperatures reduce growth rate 
influencing enzymatic activity and reducing the fluidity of the cytoplasmic membrane 
that affects transport mechanisms (Madigan et al., 1997). Therefore, microbial growth is 
retarded and the food shelf-life extended.  







However, psychrophilic and psychrotrophic microorganisms (Table 1.1), which 




Group Minimum Optimum Maximum 
Thermophiles 40 - 45 55 - 75 60 - 90 
Mesophiles 5 - 15 30 - 45 35 - 47 
Psychrophiles -5 - +5 12 - 15 15 - 20 
Psychrotrophs -5 - +5 25 - 30 30 - 35 
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become the predominant microbiota of chilled lightly preserved seafood. Among the 
psychrotrophs, Listeria monocytogenes and Clostridium botulinum type E are the most 
relevant pathogens. 
In addition, when the products are exposed to inadequate refrigeration during 
distribution, microorganisms, including mesophiles, grow faster and spoilage or food 
poisoning could occur. Hence, maintaining the cold chain, during production, 
transportation and storage of lightly preserved seafood, is essential to ensure safety and 
shelf-life of these products. 
1.1.2. Modified atmosphere packaging 
Modified atmosphere packaging (MAP) has been increasingly used to extend the 
shelf-life of fresh and lightly preserved seafood as MAP inhibits some spoilage 
microorganisms in these types of products (Sivertsvik, et al., 2002a). It allows products 
to be distributed over longer distances. This technology consists in packaging products 
with a specific gas or mixture of gasses that differ from air composition. The 
appropriate atmosphere is introduced into the food packaging, and during storage gas 
composition in the headspace will slightly change due to metabolic and chemical 
activities within the package (Sivertsvik, et al., 2002a).  
The modified atmosphere for packaging of lightly preserved seafood is often 
composed by carbon dioxide (CO2), nitrogen (N2) and oxygen (O2). CO2 is the most 
important gas used in MAP as it determines inhibition of many spoilage bacteria and the 
inhibition effect increases at higher CO2 concentrations. It dissolves in food products 
thanks to its high solubility in water and lipid phase, until equilibrium is attained. This 
property is influenced by temperature. The solubility of CO2 is highest at low 
temperatures and, thus, the inhibition of bacterial growth is most pronounced at 
conditions typically used for storage of chilled foods (Sivertsvik, et al., 2002b). In MAP 
the ratio between gas and product volumes is normally 2:1 or 3:1 in order to obtain an 
appropriate concentration of dissolved CO2 and to prevent package collapse (Sivertsvik, 
et al., 2002a). CO2 continues to have a preservative effect after the packaging has been 
opened because the dissolved gas is slowly released from the product for a certain 
period. This characteristic is called CO2’s residual effect (Stammen et al., 1990). 





the mechanisms by which CO2 affects microbial growth are not fully understood 
(Sivertsvik, et al., 2002a).  
Reduced O2 content in MAP limits the growth of aerobic spoilage bacteria. At 
the same time, the combined use of O2 and CO2 can increase the lag phase of facultative 
and anaerobic bacteria. N2 is mainly used as filler gas to prevent package collapse 
which can occur as CO2 dissolves into the food. Nitrogen (N2) is inert and tasteless and 
has a low solubility in water and lipid phase. In addition, when N2 displaces O2, it 
contributes to inhibit growth of aerobic microorganisms. It is important that wrapping 
materials have low gas permeability in order to avoid great changes in gas composition 
within the storage period. O2 should not permeate into and CO2 should not permeate out 
of the package (Sivertsvik, et al., 2002a). 
In conclusion, the efficacy of MAP depends on several factors including initial 
product quality (e.g. microbial load), level of hygiene during processing and packaging 
(e.g. risk of contamination), gas mix, gas/product ratio, wrapping material (e.g. gas 
permeability) and storage temperature (Farber, 1991; Pacquit et al., 2008). 
1.1.3. Vacuum packaging 
Vacuum packaging (VP) is also a type of MAP systems, since the air is removed 
from the pack. As well as MAP previously described, VP combined with chill 
temperatures, has led to major improvements in storage and distribution of seafood. 
Wrapping presenting low permeability to gases is used to pack the product and 
afterwards the air within the packaging is exhausted. This method reduces the chemical 
effects of atmospheric oxygen (e.g. lipid oxidation) and the growth of aerobic spoilage 
microorganisms in seafood. Although the shelf-life of VP seafood is usually longer than 
the same product stored in air, MAP seems to have better inhibitory action on product 
microbiota (Özogul et al., 2004). 
However, the risk of growth of anaerobic bacteria (e.g. non-proteolytic, 
Clostridium botulinum type E) and L. monocytogenes remains a concern for VP and 
MAP seafood products. 
1.1.4. Water activity 
The availability of water is essential for microbial growth because water is 
required in metabolic processes. The measure for the availability of water is the water 
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activity (aw) and it is defined as the ratio of vapour pressure of water in a system and the 
vapour pressure of pure water at the same temperature. Aw is decreased by adding 
solutes (e.g. sugar and salt) and microbial growth is reduced depending on their 
concentration in the food product (Madigan et al., 1997). Salt is often added as an 
important ingredient during processing of e.g. brined shrimp and cold-smoked fish. 
However, lightly preserved seafood are characterized by a relatively low salt 
concentration (< 6% WPS) which correspond to aw above 0.96. Listeria monocytogenes 
can grow between 0 and 10% NaCl (i.e. aw= 0.94) and survive at even higher 
concentrations of salt (Farber and Peterkin, 2000) and the minimum aw necessary for 
growth of most spoilage bacteria is 0.90. Hence, aw of lightly preserved seafood cannot 
significantly reduce microbial growth, thus, further hurdles are needed. 
1.1.5. pH and brining 
Bacteria must preserve their intracellular pH above a critical value to maintain 
metabolic processes and to avoid that intracellular proteins become denatured 
(Montville and Matthews, 2007). Optimum growth of bacteria occurs within a specific 
pH range and most of the microorganisms require an intracellular pH close to neutral 
while most foods are generally slightly acidic. Food acidity is mainly caused by the 
presence of weak organic acids. Such compounds can occur naturally in the food and 
they can be produced by microbial metabolism (biological acidity) or added as 
preservatives (Hsiao and Siebert, 1999). Organic acids present in food environments can 
enter the cell membrane in their undissociated form due to their lipophilic character, 
favoured at low pH. Once inside the cell, where pH is near neutrality, organic acids 
dissociate and lower the intracellular pH releasing H
+
 into the cell cytoplasm. 
Microorganisms try to export the additional protons using energy which is subtracted 
from metabolism functions related to growth. Microbial growth is, thus, slowed. When 
energy is depleted, the pH of the cytoplasm drops to a too low level and the cells stop to 
grow and eventually die. In addition anions, which cannot pass back across the cell 
membrane in their dissociated form, accumulate within the cell and may contribute with 
slightly antimicrobial effects (Eklund, 1983; Gould, 2000). Since the most effective 
antimicrobial form is the undissociated acid (Figure 1.1), it is important to know its 





Figure 1.1 Equilibrium reaction of lactic acid dissociation 
The concentration of undissociated organic acid depends on the dissociation 
constant (pKa) of the organic acid and on the pH of the food environment. When 
pH=pKa (i.e. negative logarithm of Ka), 50% of the organic acid is undissociated. The 
concentration of undissociated organic acid is greater than the dissociated form at pH 
below pKa, hence, organic acids are more effective in acidic foods.  
Together with NaCl, different types of organic acids are the main preservative 
compounds used in brined lightly preserved seafood e.g. brined shrimp. Organic acids 
usually involved in brining include acetic, benzoic, citric, lactic and sorbic acids. These 
compounds have pKa values between 3.1 (citric acid) and 4.8 (acetic and sorbic acid), 
thus, in lightly preserved seafood (i.e. pH>5) only a small percentage of the organic 
acids are undissociated (Table 1.2). 
Table 1.2 Effect of pH on the percentage of undissociated organic acid 
  





pH 5.6 pH 5.8 pH 6.0 pH 6.2 pH 6.4 pH 6.6 pH 6.8 pH 7.0 
Acetic acid 4.8 12.6 8.4 5.4 3.5 2.2 1.4 0.9 0.6 
Benzoic acid 4.2 3.7 2.4 1.5 1.0 0.6 0.4 0.2 0.2 
Citric acid 3.1 0.3 0.2 0.1 0.1 0.1 0.0 0.0 0.0 
Lactic acid 3.9 1.8 1.1 0.7 0.5 0.3 0.2 0.1 0.1 
Sorbic acid 4.8 12.6 8.4 5.4 3.5 2.2 1.4 0.9 0.6 
a 
The percentage of undissociated organic acid was calculated using the rearranged Henderson-
Hasselbalch equation (Eqn. 15) (Brocklehurst and Wilson, 2000) 
 
During food processing the organic acids are usually added as salts of organic 
acid (e.g. acetate, benzoate, sorbate) due to their higher solubility in water. The amount 
of preservatives authorized in food is regulated by Annex II of Regulation (EC) No 
1333/2008. In lightly preserved seafood the maximum allowable concentration, 
expressed as free acid, for sorbic acids/sorbates and benzoic acid/benzoates is 2000 
mg/kg, whereas for acetic, citric and lactic acids no limit has been established (EC No 
1333/2008). 
Another important aspect regarding organic acids is their partition coefficient 
(Kp) between the water and the lipid phase. Lightly preserved seafood include products 
with different lipid content. For example, percentages of lipids reported for brined 
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shrimp, cold-smoked salmon and mayonnaise-based shrimp salad are 1-2%, 10-17%, 
27-38%, respectively (Leroi et al., 2001; Cardinal et al., 2004; Mejlholm and Dalgaard, 
2015). As microorganisms proliferate in water it is important to know the proportion of 
preservatives that will distribute in the water phase of food because the proportion 
dissolved in the lipid phase will not contribute to control microbial growth. The smaller 
the Kp, the lower will be the concentration of organic acid in the lipid phase.  
Table 1.3 Partition coefficients of organic acids in different systems 
 Partition coefficient (Kp)
a
 












































 - - - 
a
 Ratio of concentration of organic acid in the lipid phase to its concentration in the water phase, 
Kp= [HA]lipid/[HA]water 
b 
(Brocklehurst and Wilson, 2000) 
c 
(Cheng et al., 2010) 
 
Benzoic and sorbic acids, having a relatively high partition coefficient, are more 
soluble in the lipid phase than acetic and lactic acids, which are almost exclusively 
dissolved in the water phase (Table 1.3) (Brocklehurst and Wilson, 2000). 
However, the complexity of food environments makes it difficult to quantify the 
real proportion of added preservatives that affect microbial growth. Solutes dissolved in 
the aqueous phase as well as storage temperature could influence partitioning of 
preservatives. It has been observed that partition coefficient in lipid: water and lipid-
buffer solutions are different (Cheng et al., 2010) and Kp values determined between 
model alkanes and water are not related with those determined in food systems 
(Table 1.3). 
1.1.6. Smoking 
Smoking has been involved in food preservation for thousands of years. It 
affects microbial growth and confers characteristic smoky flavour and colour to the 
product. Smoking is a typical preservation method utilized in North European countries 
for different types of fish including salmon, herring, cod and halibut. Smoking is 
usually associated with other preservation techniques (e.g. salt) and storage conditions 
(e.g. refrigeration, MAP, VP). Fish is exposed to smoke produced by pyrolysis of 
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sawdust or chips of wood. The smoke is usually produced by smouldering or friction of 
different types of wood both hard- (e.g. oak, chestnut, beech) and soft-wood, including 
aromatic plants. The antimicrobial effect of smoking is due to the combined action of 
dehydration and antimicrobial components of smoke. The chemical composition of 
smoke and the proportion of smoke constituents is affected by several factors e.g. 
procedures of smoke generation, type of wood, humidity of wood, temperature and 
oxygen access (Sérot et al., 2004; Sikorski and Kołakowski, 2010). Smoke contains 
about 400 identified compounds including carbonyls, acids, alcohols, esters, aldehydes, 
phenols, terpenes, furans, lactones and PAHs (polycyclic aromatic hydrocarbons); the 
latter having carcinogenic effect. Filtration, condensation and distillation of smoke are 
applied in order to reduce unwanted compounds (e.g. PAHs, tar, soot) (Cappelli and 
Vannucchi, 2005). The main antimicrobial properties among smoke components are 
given to phenolic components, including guaiacol, syringol, phenol, pyrogallol and their 
derivatives (Sikorski and Kołakowski, 2010). However, organic acids (e.g. acetic acid) 
and carbonyls (e.g. formaldehyde) also contributes to inhibition of microorganisms 
(Cappelli and Vannucchi, 2005). Smoke constituents are adsorbed or condensed on the 
surface of the products during smoking. The quantity of smoke components 
accumulated on the product depends on smoke density, relative humidity, flow rate, 
temperature and duration of the smoking process, and e.g. pre-drying of the products. 
High humidity of smoke and wet product surface increase the deposition of smoke. 
Smoking takes place at temperatures below 30°C (cold-smoking) or 70-90°C (hot-
smoking) (Hall, 2010). Cold-smoked fish has not received any cook treatments, 
whereas, hot-smoked products are cooked and thermal denaturation of proteins occurs, 
resulting in textural changes. However, a study on contamination of Listeria 
monocytogenes in cold-smoked salmon has suggested that the concentration of 
L. monocytogenes is reduced after smoking (Rørvik et al., 1995). In general cold-
smoked fish is characterized by high aw (>0.96) and low salt concentration (1-3%), thus, 
other hurdles are necessary to control microbial growth. Chill temperatures and MAP 
packaging are usually applied in order to reach this purpose. 
1.1.7. Biopreservation 
Biopreservation is a preservation technology developed in the last decades to 
meet consumer demands for products with less chemical preservatives. Such technology 
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consists in using natural or controlled microorganisms and/or their metabolites to 
control growth of pathogens (e.g. L. monocytogenes) and spoilage microorganisms in 
order to extend product shelf-life (Stiles, 1996; Ghanbari et al., 2013). Selection of 
bacteria with antimicrobial properties that could be inoculated in lightly preserved 
seafood is of major interest. Bacteria may compete for available nutrients and produce 
antimicrobial substances such as hydrogen peroxide, organic acids, bacteriocins that 
have an influence on which bacteria will become dominant. Several studies have 
evaluated the ability of lactic acid bacteria (LAB) strains to inhibit the growth of 
pathogens in seafood products (Einarsson and Lauzon, 1995; Huss et al., 1995; Ringø 
and Gatesoupe, 1998; Duffes, 1999; Duffes et al., 1999; Leroi, 2010; Chahad et al., 
2012). LAB belong to the normal microbiota of the gastrointestinal tract of healthy fish 
(Ringø and Gatesoupe, 1998) and strains isolated from fish and seafood products may 
be used as protective cultures in lightly preserved seafood. Shelf-life of brined shrimp 
was extended using bacteriocins produced by LAB compared with a control with no 
preservatives (Einarsson and Lauzon, 1995). The inhibitory effect of a non-
bacteriocinogenic strain of Lactococcus piscium was observed against Brochothrix 
thermosphacta and L. monocytogenes in MAP cooked and peeled shrimp (Fall, Leroi, 
Cardinal, et al., 2010; Fall, Leroi, Chevalier, et al., 2010). Strains of Carnobacterium 
divergens, C. piscicola and Lactobacillus sakei prevented the growth of 
L. monocytogenes in cold-smoked salmon (Duffes et al., 1999; Nilsson et al., 1999; 
Katla et al., 2001; Yamazaki et al., 2003; Brillet et al., 2005). However, biopreservation 
in seafood products remains a challenge and further studies are needed to spread this 
technology to the seafood industry. 
1.2. Microorganisms in food 
Bacteria, mould and yeast are widely associated with food and beverage. These 
microorganisms are naturally found, intentionally added or they can contaminate food. 
Most of them are beneficial because, thanks to their metabolic activity, transform raw 
materials into a finished product providing a longer shelf-life and giving characteristic 
flavours. Some microorganisms, such as lactic acid bacteria (LAB), can be used for 
their probiotical traits to improve human health, while others as biocontrol agents (see 
section 1.1.7), without toxic or other adverse effects. However, among the 
microorganisms found in food there are dangerous microorganisms. Pathogens and their 
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toxins are able to cause food-borne diseases when present above critical concentrations 
in food. Estimates from the Centers for Disease Control and Prevention (CDC) in the 
United States (released in 2011) suggest that there are 47.8 million cases of food-borne 
illness in the US each year, which result in about 3,000 deaths and 128,000 
hospitalizations. 9.4 million episodes of food-borne illnesses are caused by 31 known 
food-borne pathogens, mainly by Norovirus, nontyphoidal Salmonella spp., Clostridium 
perfringens, Campylobacter spp., Toxoplasma gondii and Listeria monocytogenes 
(Scallan, Griffin, et al., 2011; Scallan, Hoekstra, et al., 2011). In 2012, two studies of 
the cost of food-borne illness in the United States have been presented: one conducted 
by researchers from ERS and the University of Florida and the other by Scharff from 
the Ohio State University (Hoffmann et al., 2012; Scharff, 2012). The estimates include 
medical costs, the cost of time lost from work, and the costs due to premature death. 
According to the first study, 14 of the 31 known food-borne pathogens, responsible for 
95% of illnesses and hospitalizations and 98% of deaths, cause $14.6 billion cost per 
year, of which $2.6 billion due to L. monocytogenes; in the second study the estimate is 
$16.3 billion per year. Salmonella spp. (nontyphoidal) and T. gondii are the first and 
second costliest, followed by L. monocytogenes, Norovirus, and Campylobacter spp.. 
Even when the microorganisms are not pathogens, they can cause spoilage of 
food resulting in rejection and loss of money. Indeed spoilage bacteria produce 
metabolites causing sensory spoilage that may occur at each step between production of 
raw materials and consumption of the final product, reducing the quality and shelf-life 
(Gould, 1996). Changes in colour, odour and texture can occur due to growth of 
microorganisms. The shelf-life is defined as a period of time for which a product 
remains safe and meets its quality specifications under expected storage and use. It can 
be affected by physical, chemical and microbiological changes throughout time. The 
shelf-life determines the durability date and is indicated as "use by" or "best before" 
date (EC No 1169/2011). "Use by" date is adopted for microbiologically highly 
perishable foods and indicates the date after which a product should be considered 
unsafe, while "best before" date is utilized for other foods and means the date until 





1.3. Microbial spoilage of lightly preserved seafood 
Lightly preserved seafood is considered highly perishable products. In fact, the 
mild preservation techniques applied reduce the total microbial load but are not able to 
eliminate it completely. In fresh and lightly preserved seafood, firstly enzymatic and 
chemical reactions decrease the freshness attributes of the products, but their 
deterioration is mainly caused by growth of spoilage microorganisms (Gram and Huss, 
1996). In this respect, the initial contamination of the raw fish and the growth 
conditions during processing and storage play an important role. The initial 
contamination of raw food often includes a wide range of microorganisms, but only 
some of them are able to grow to high concentrations in the following stages. It is 
important to identify the specific spoilage microorganism (SSO) defined as the part of 
total microbiota, often consisting in a single species, responsible for spoilage (Dalgaard, 
1995b; Gram and Dalgaard, 2002). Indeed, at the time of sensory rejection both 
spoilage and non-spoilage microorganisms can be found in a product. At the beginning, 
SSOs are usually present at low concentrations but, due to specific environment 
characteristics during storage, they often grow faster than the remaining microbiota. At 
critical levels they produce metabolites responsible for sensory rejection. Off-odours, 
off-flavours, slime, discolouration caused by microbial metabolism may spoil the 
product (Gram and Huss, 1996). Normally seafood product spoil when microorganisms 




 cfu/g) (Gram and Dalgaard, 2002). The range of 
environmental conditions (e.g. pH, temperature, aw) within which an SSO causes 
spoilage is called the spoilage domain. Knowledge about an SSO and its spoilage 
domain can be used to determine, predict and extend the shelf-life of a food product 
(e.g. optimise the process) as only small changes in processing and packaging of 
seafood products might modify the composition of the spoilage microbiota (Dalgaard et 
al., 1997; Dalgaard, 2000). For example, in VP and MAP cod fillets, Photobacterium 
phosphoreum, having high CO2 resistance and being psychrotolerant, has been 
identified as SSO during chilled storage (Dalgaard et al., 1993; Dalgaard, 1995b). After 
identifying the SSO, it was possible to study the specific inhibition of P. phosphoreum 
in order to extend the shelf-life of MAP cod fillets (Dalgaard et al., 1998; Mejlholm and 
Dalgaard, 2002). However, due to many differences among product characteristics and 
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storage conditions and the ongoing development of new lightly preserved seafood, it has 
not yet been possible to identify SSOs for all products. 
The initial microbiota of lightly preserved seafood is often dominated by Gram-
negative bacteria typical of fresh fish. In general the microbiota of fresh fish is 
influenced by several intrinsic factors including post-mortem pH (>6.0), high water 
activity, low percentage of carbohydrates (0.2-1.5%) and high concentrations of non-
protein-nitrogen with low molecular weight, mainly trimethylamine oxide (TMAO) 
(Gram and Huss, 1996). These conditions favour the rapid growth of microorganisms 
resulting in very short shelf-life. The dominant microbiota of temperate water fish is 
represented by psychrotolerant Gram-negative bacteria belonging to the genera 
Pseudomonas, Shewanella, Acinetobacter, Aeromonas, Vibrio, Moraxella, 
Flavobacterium, Psychrobacter and Photobacterium (Gram and Huss, 1996; Leroi, 
2010). Bacillus, Micrococcus, Clostridium, Lactobacillus and Corynebacterium, being 
Gram-positive bacteria, can also grow on fish surfaces. In addition to these bacteria, 
tropical fish are characterized by higher concentrations of Gram-positive and enteric 
bacteria (Liston, 1980). When marine fish is stored in air, Pseudomonas spp. and 
Shewanella putrefaciens become predominant under iced storage, while mesophilic 
Vibrionaceae and Enterobacteriaceae dominate the microbiota at ambient temperature 
(~25°C) (Gram and Huss, 1996). In fish from freshwater stored in air at chill 
temperatures mainly Pseudomonas spp. is responsible for spoilage. Seafood spoilage 
bacteria including S. putrefaciens, P. phosphoreum, most Enterobacteriaceae and 
Vibrionaceae are able to utilize TMAO as electron acceptor in anaerobic respiration 
(Barrett and Kwan, 1985) and this facilitate their growth in fishery products, even in VP 
or MAP products (Dalgaard, 2000). On the other hand, Pseudomonas is not able to 
utilize TMAO and its growth is inhibited with low O2 concentration (Gram et al., 1987; 
Jørgensen et al., 1988; Dalgaard et al., 1993). In VP and MAP seafood Gram-negative 
aerobic bacteria are inhibited and lactic acid bacteria (LAB) reach higher concentrations 
than that achieved in air. VP marine fish from temperate waters spoils due to growth of 
TMAO-reducing S. putrefaciens, P. phosphoreum, whereas LAB may be responsible 
for spoilage in VP and MAP fish from freshwaters, both temperate and tropical, and 
marine tropical waters (Gram and Huss, 1996). Lightly preserved seafood characterized 
by storage at chill temperatures, slight acidification and low concentrations of added 
NaCl, favour growth of psychrotrophic Gram-positive microorganisms, mainly LAB, 
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but sometimes also Brochothrix thermosphacta, Gram-negative fermentative bacteria 
(e.g. P. phosphoreum) and Enterobacteriaceae (Truelstrup Hansen et al., 1995; 
Truelstrup Hansen et al., 1996; Leroi et al., 1998; Dalgaard, 2000). The growth of 
aerobic Gram-negative bacteria is normally inhibited under conditions of lightly 
preserved seafood (e.g. cold-smoked salmon). NaCl concentrations of about 6.0% WPS 
inhibit e.g. Pseudomonas spp., but allow growth of more resistant microorganisms, e.g. 
LAB. It has been suggested that Lactobacillus sakei subsp. carnosus and 
Carnobacterium divergens interact with Enterobacteriaceae during spoilage of lightly 
preserved seafood resulting in higher production of putrescine by metabiosis. LAB may 
degrade arginine to ornithine, which is then degraded by the Enterobacteriaceae to 
putrescine (Jørgensen et al., 2000). Cooked and brined shrimp stored in MAP spoiled 
due to growth of LAB at a temperature ranging between 0-25°C (Dalgaard et al., 2003) 
whereas B. thermosphacta and C. maltaromaticum were responsible for spoilage of 
cooked and peeled MAP shrimp stored at 2.5 and 8°C (Mejlholm et al., 2005).  
1.3.1. Lactic acid bacteria 
Lactic acid bacteria (LAB) are a heterogeneous group of Gram-positive, acid-
tolerant, non-sporulating, non-motile, catalase negative, aerotolerant anaerobes, cocci 
and rods. LAB belong to phylum Firmicutes and comprise about 20 genera including 
Aerococcus, Carnobacterium, Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, 
Oenococcus, Pediococcus, Streptococcus, Bifidobacterium, Tetragenococcus, 
Vagococcus and Weissella (Axelsson, 2004). They are widespread in nature and can be 
found in the gastrointestinal and genital tracts of humans and animals, including fish, as 
well as in plant and fermented food (Ringø and Gatesoupe, 1998; Leroi, 2010). One 
common feature of LAB is their ability to produce lactic acid as the major end-
metabolite of the carbohydrate fermentation. As fermenting organisms, LAB lack 
electron transport systems and cytochromes, and they do not have a functional Krebs 
cycle. Based on end products of hexoses metabolism, LAB can be divided into two 
groups, namely homofermentative and heterofermentative. Homofermentative LAB 
produce more than 85% of fermentation product as lactic acid, whereas 
heterofermentative LAB ferment glucose to lactic acid, carbon dioxide, ethanol and/or 
acetic acid (Hammes and Vogel, 1995). LAB are widespread organisms and they may 
be found in many environments rich in carbohydrates. In addition to carbohydrates, 
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LAB have complex nutritional requirements especially for amino acids, peptides, 
vitamins, fatty acid esters, salts and nucleic acid derivatives (Tannock, 2004). In short, 
they have complex nutritional requirements due to their lack of many biosynthetic 
pathways. On the other hand, they are found in a wide range of different environmental 
niches due to their good adaptation ability. In seafood products, LAB may have no 
relevant effect or they can spoil food and may have an antagonism role against 
pathogenic bacteria. 
1.3.1.1. Cause of spoilage in lightly preserved seafood 
LAB are not much of a concern in fresh seafood, however they require attention 
in lightly preserved seafood. LAB are well adapted to the relevant conditions of these 
products: many are able to grow at chill temperatures, in presence of low oxygen levels 
and of high salt concentrations (8-10% WPS), at low pH, as well as in presence of 
additives e.g. lactic or acetic acids (Calo-Mata et al., 2008; Leroi, 2010). A reduced aw 
(0.96) when salt or sugar is added, and a mild processing favour the growth of LAB at 
the expenses of other microorganisms such as aerobic Gram-negative bacteria. In lightly 
preserved seafood psychrotrophic LAB have often been detected as predominant 
microbiota at the end of the shelf-life and can cause spoilage of e.g. cold-smoked 
salmon. LAB can cause undesired characteristics such as off-flavour, discoloration and 
slime production resulting in a reduced shelf-life of the product (Huss et al., 1995; 
Leroi, 2010). Sour and marinated off-odours are consequences of the production of 
organic acids by carbohydrates fermentation. Carnobacterium spp. degrades proteins 
leading to bitter taste and produces aldehydes and alcohols by amino acids catabolism 
resulting in malty flavour. Spoilage by LAB may also occur due to CO2 production 
during heterolactic fermentation. Leuconostoc spp. and Lactococcus spp. may be 
responsible for dairy and butter-like odours due to diacetyl production. The production 
of hydrogen sulphide (H2S) by e.g. Lb. sakei leads to sulphurous odours, whereas the 
production of NH3 causes ammonia odours. Several studies showed that LAB reach 




 cfu/g during storage in e.g. cold-smoked salmon, cold-
smoked rainbow trout, seafood salad, brined shrimp, and cooked and peeled shrimp 
(Hansen et al., 1995; Leroi et al., 1998; Lyhs et al., 1998; Dalgaard and Jørgensen, 
2000; Dalgaard et al., 2003; Mejlholm et al., 2005; Andrighetto et al., 2009). The 
genera involved in spoilage are mainly Lactobacillus and Carnobacterium, although 
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Enterococcus, Leuconostoc and Lactococcus are also found (Leroi, 2010). Table 1.4 
summarizes the main LAB species isolated from lightly preserved seafood.  
Table 1.4 Lactic acid bacteria isolated from lightly preserved seafood 
Products Lactic acid bacteria References 
Brine shrimp Aerococcus viridians (Dalgaard et al., 2003) 
 C. divergens (Dalgaard et al., 2003) 
 C. maltaromaticum (Mejlholm and Dalgaard, 2007b) 
 Carnobacterium sp. (Dalgaard et al., 2003) 
 Enterococcus faecalis (Dalgaard and Jørgensen, 2000; Dalgaard et al., 2003) 
 E. malodoratus (Mejlholm and Dalgaard, 2007b) 
 Enterococcus sp. (Dalgaard et al., 2003) 
 Lactobacillus curvatus 
(Dalgaard and Jørgensen, 2000; Dalgaard et al., 2003; 
Mejlholm and Dalgaard, 2007b) 
 Lb. sakei (Mejlholm and Dalgaard, 2007b) 
 Lactococcus garvieae (Dalgaard et al., 2003) 
Cold-smoked 
fish C. divergens 
(Leroi et al., 1998; Paludan-Müller et al., 1998; 
Jørgensen et al., 2000) 
 C. maltaromaticum 
(Leroi et al., 1998; Paludan-Müller et al., 1998; 
 onz lez- odr  guez et al., 2002; Olofsson et al., 2007) 
 E. faecalis ( onz lez- odr  guez et al., 2002) 
 Enterococcus sp. (Lyhs et al., 1998) 
 Lb. alimentarius (Leroi et al., 1998;  onz lez- odr  guez et al., 2002) 
 Lb. casei subsp. tolerans ( onz lez- odr  guez et al., 2002) 
 Lb. coryneformis ( onz lez- odr  guez et al., 2002) 
 Lb. curvatus 
(Truelstrup Hansen and Huss, 1998; Lyhs et al., 1999; 
Jørgensen et al., 2000;  onz lez- odr  guez et al., 
2002; Mejlholm and Dalgaard, 2007b) 
 
Lb. delbrueckii subsp. 
delbrueckii ( onz lez- odr  guez et al., 2002) 
 Lb. farciminis (Leroi et al., 1998) 
 Lb. homohiochii ( onz lez- odr  guez et al., 2002) 
 Lb. plantarum 
(Gancel et al., 1997; Truelstrup Hansen and Huss, 
1998; Lyhs et al., 1999;  onz lez- odr  guez et al., 
2002) 
 Lb. pentosus (Gancel et al., 1997) 
 Lb. sakei 
(Leroi et al., 1998; Truelstrup Hansen and Huss, 1998; 
Lyhs et al., 1999; Jørgensen et al., 2000;  onz lez-
 odr  guez et al., 2002; Mejlholm and Dalgaard, 
2007b) 
 Lactococcus sp. 
(Paludan-Müller et al., 1998; Truelstrup Hansen and 
Huss, 1998; Lyhs et al., 1999; Jørgensen et al., 2000) 
 Leuconostoc sp. 
(Truelstrup Hansen and Huss, 1998; Lyhs et al., 1999; 
Jørgensen et al., 2000; Mejlholm and Dalgaard, 2007b) 
 Weissella kandleri (Thapa et al., 2006) 
Cooked and 
peeled shrimp A. viridians (Jaffrès et al., 2009) 
 C. divergens (Jaffrès et al., 2009) 
 C. maltaromaticum (Mejlholm et al., 2005; Jaffrès et al., 2009) 
 Carnobacterium sp. (Jaffrès et al., 2009) 
 E. faecalis (Jaffrès et al., 2009) 
 E. faecium (Jaffrès et al., 2009) 
 Vagococcus sp. (Jaffrès et al., 2009) 
Gravad (sugar-
salted) fish C. divergens (Lyhs et al., 2002) 
 C. piscicola (Lyhs et al., 2002) 
 Lb. curvatus (Leisner et al., 1994; Lyhs et al., 2002) 
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Products Lactic acid bacteria References 
 Lb. sakei (Leisner et al., 1994; Lyhs et al., 2002) 
 Leuconostoc sp. (Leisner et al., 1994) 
Seafood salad C. piscicola (Andrighetto et al., 2009) 
 E. faecalis (Andrighetto et al., 2009) 
 E. faecium (Andrighetto et al., 2009) 
 Lb. curvatus (Andrighetto et al., 2009) 
 Lb. malfermentas (Andrighetto et al., 2009) 
 Lb. paraplantarum (Andrighetto et al., 2009) 
 Lb. sanfranciscensis (Andrighetto et al., 2009) 
 Lactococcus lactis (Andrighetto et al., 2009) 
 
Leuconostoc 
mesenteroides (Andrighetto et al., 2009) 
 L. pseudomesenteroides (Andrighetto et al., 2009) 
 Pediococcus sp. (Andrighetto et al., 2009) 
 Streptococcus parauberis (Andrighetto et al., 2009) 
 Vagococcus sp. (Andrighetto et al., 2009) 
 Weisella sp. (Andrighetto et al., 2009) 
Table 1.4: continued 
 
C. divergens was detected in cold-smoked salmon together with C. piscicola, 
Lactobacillus alimentarius, Lb. farciminis, and Lb. sakei (Leroi et al., 1998). Another 
study found that among microorganisms detected in VP cold-smoked salmon and trout, 
C. piscicola and Lactobacillus spp. predominated ( onz lez- odr  guez et al., 2002). In 
a study on cooked and brined shrimp stored under modified atmosphere between 0 and 
25°C, C. divergens and Lb. curvatus were identified as the dominant microbiota at the 
time of sensory rejection at 0°C, 5°C and 8°C, whereas Enterococcus faecalis spoiled 
the product at 15°C and 25°C (Dalgaard et al., 2003). However, spoilage characteristics 
are species and strain dependent. For example, Lb. sakei was found to spoil products 
due to sulphurous and acidic odours (Stohr et al., 2001; Joffraud et al., 2006), whereas 
inoculated strains of Lb. sakei did not result in sensory spoilage in cold-smoked salmon 
(Weiss and Hammes, 2006). C. divergens and C. maltaromaticum caused sensory 
spoilage of cooked and peeled MAP shrimp producing ammonia, tyramine, and several 
alcohols, aldehydes, and ketones (Laursen et al., 2006). These compounds resulted in 
chlorine, malt and nuts, sour and sickly sweet off-odors. However, in the same study 
another strain of C. maltaromaticum did not cause sensory spoilage. 
1.3.1.2. Interaction with Listeria monocytogenes: the Jameson effect 
Antagonism of LAB has been used for long to preserve food. It is well known 
that the acidification due to lactic acid production as the major end-product of their 
fermentation inhibits microorganisms including human pathogens. In addition, LAB 
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produce others inhibitory compounds such as hydrogen peroxide (H2O2), carbon dioxide 
(CO2), diacetyl (2,3-butanedione), ethanol, bacteriocins and compete with other 
microorganisms by nutrient depletion (Adams and Nicolaides, 1997; Duffes, 1999). As 
already mentioned, naturally occurring LAB often becomes predominant in lightly 
preserved seafood. They interact with the microbial population and may suppress 
growth of spoilage and pathogenic microorganisms. The inhibiting effect of the 
dominating microbiota, when reaching its maximum population density (MPD), on 
growth of all microorganisms is called the Jameson effect. It was observed for the first 
time by Jameson (1962) in studies concerning the growth of Salmonella (Jameson, 
1962). In lightly preserved seafood, the Jameson effect was reported for 
L. monocytogenes, which is isolated frequently from e.g. cold-smoked salmon (Ross et 
al., 2000; Giménez and Dalgaard, 2004; Mejlholm and Dalgaard, 2007b; Vermeulen et 
al., 2011). The dominant microbiota (i.e. LAB) interacts with L. monocytogenes 
resulting in a simultaneous deceleration of all populations (Ross et al., 2000). Indeed 
LAB is an important factor inhibiting growth of L. monocytogenes in lightly preserved 
seafood. In this regard, they are also studied as bioprotective cultures (see section 
1.1.7). For example, Ross et al. (2000) reported that, even if L. monocytogenes is often 
detected in naturally contaminated cold-smoked salmon, concentrations of >10
5
 cfu/g 
have not been reported for the pathogen. This may occur due to the inhibiting effect of 
total microbial load on growth of L. monocytogenes, i.e. due to the Jameson effect (Ross 
et al., 2000). Hence, in addition to the major factors controlling growth of pathogens, it 
is important to consider the effect of microbial competition in naturally contaminated 
products in order to produce safe food. Mejlholm and Dalgaard (2015) developed a 
predictive model (see section 1.5.2) taking into account the Jameson effect to model the 
microbial interaction between L. monocytogenes and psychrotolerant LAB in lightly 
preserved seafood. 
1.4. Microbial safety of lightly preserved seafood 
Regarding pathogens, bacteria naturally present in marine environments may 
survive and grow during processing and handling of lightly preserved seafood. They 
include Vibrio cholera, V. parahaemolyticus, Clostridium botulinum type E and non-
proteolytic type B and F, Aeromonas hydrophila, Plesiomonas shigelloides and Listeria 
monocytogenes. In addition, pathogens from humans or processing origin 
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(e.g. Salmonella, Shigella, Escherichia coli, Staphylococcus aureus) may contaminate 
during processing, storage and distribution steps and constitute a risk for the consumers 
(Sivertsvik, et al., 2002a). Most of them can be controlled by product characteristics and 
storage conditions of lightly preserved seafood (e.g. chilled temperatures, MAP) and by 
good hygienic practice. However, the production of lightly preserved seafood with a 
relative long shelf-life may represent a safety risk mainly due to the possible growth of 
L. monocytogenes and sometimes growth and toxin production by non-proteolytic 
C. botulinum type E. The growth and toxin production by C. botulinum type E can be 
controlled by the presence of >3.0% WPS and the simultaneous storage at refrigeration 
temperatures (<5°C) (Huss et al., 2000; Leroi, 2010). Whereas it seems to be impossible 
to avoid the presence of L. monocytogenes as the pathogen is able to grow at typical 
conditions found in lightly preserved seafood and is not destroyed by e.g. cold-smoked 
salmon processing steps (Huss et al., 2000; Neunlist et al., 2005).  
1.4.1. Listeria monocytogenes 
Listeria monocytogenes, is a Gram-positive, facultative anaerobic, non-spore-
forming, rod-shaped bacterium belonging to the genus Listeria. It is catalase positive 
and oxidase negative and expresses a β-hemolysin which produces zones of medium 
clearing on blood agar (Farber and Peterkin, 1991). It possesses peritrichous flagella, 
which give it a characteristic motility, occurring only in a narrow temperature range. 
When the bacterium grows between 20 and 25°C, flagellin is both produced and 
assembled at the cell surface, but at 37°C flagellin production is markedly reduced (Peel 
et al., 1988).  
L. monocytogenes is widely distributed in the environment and it is found in soil, 
plant matter, sewage, water, human and animal faeces as well as on the farm and in food 
processing facilities (Sauders and Wiedmann, 2007). Although L. monocytogenes is not 
considered belonging to marine water microflora, it can be isolated from marine water 
as well as from seafood, seafood-processing plants and seafood products (Gram, 2001; 
Jami et al., 2014). 
1.4.1.1. Listeria monocytogenes in lightly preserved seafood 
L. monocytogenes is a major concern for the food industry because it has 
specific characteristics that increase its importance as a food-borne organism: it is 
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widely distributed in the environment and it is able to resist environmental stresses. 
L. monocytogenes can grow in refrigerated food products due to its ability to grow at 
temperature range from 1 to 45°C (Farber, 2000). Furthermore, its tolerance to low 
oxygen concentrations and even to the absence of oxygen, gives the bacterium an 
advantage in MAP and VP foods. In addition, the ability of the organism to grow at 
relatively low pH (5.0-5.7 at 4°C and 4.3-5.2 at 30°C), its high tolerance to both salt (0-
10% WPS) and low water activity (0.90) make the control of this bacterium in food 
very difficult (Farber, 2000; Tasara and Stephan, 2006; Milillo et al., 2012). Hence, the 
growth of L. monocytogenes may occur in chilled lightly preserved seafood with a 
relatively long shelf-life. In food processing plants, L. monocytogenes has a propensity 
to form biofilms that protect bacteria even further against environmental stresses, 
including cleaning and disinfection procedures (Møretrø and Langsrud, 2004). The 
pathogen has been isolated several times from seafood processing equipment (Vogel et 
al., 2001; Thimothe et al., 2004; Jami et al., 2014; Vongkamjan et al., 2015). The 
capacity of L. monocytogenes cells to adhere and colonize inert food contact surfaces 
such as polypropylenes, rubbers, stainless steel and glass, is now well known (Beresford 
et al., 2001; Rieu et al., 2008). The adhesion ability of Listeria depends on the strains 
(Harvey et al., 2007), the physiological state of bacteria (Briandet et al., 1999) and the 
type of substrate (Sinde and Carballo, 2000). It is recognized that microbial biofilms 
already present on a surface, can influence the adhesion and further development of 
cells of L. monocytogenes (Briandet et al., 2001). However, Listeria spp. settlement and 
growth on surfaces may be hindered by other colonizing bacteria through the prevention 
of adhesion (Meylheuc et al., 2006; Habimana et al., 2009), the production of 
antimicrobial agents, such as lactic acid and bacteriocins (Leriche et al., 1999; Loessner 
et al., 2003), and nutrient competition (Gnanou Besse et al., 2006; Zhao et al., 2006; 
Guillier et al., 2008).  
L. monocytogenes can be found in raw foods and in food products contaminated 
at the production plant and at the market. It can be present on the external surface of 
fish from contaminated water and in fish stomach, gills and intestines. From the 
gastrointestinal tract, L. monocytogenes can spread into muscles or can contaminate fish 
flesh by cross-contamination during manipulation and transport, thus raw materials may 
result contaminated (Jami et al., 2014). Cross-contamination can occur during handling 
of products, e.g. slicing of foods such as meat products and cheese (Uyttendaele et al., 
21 
 
1999; Aguado et al., 2001; Van Coillie et al., 2004), as well as during manufacturing, at 
the production plant, e.g. in smoked fish and fish products (Johansson et al., 1999; 
Dauphin et al., 2001; Vogel et al., 2001; Van Coillie et al., 2004).  
Lightly preserved seafood belong to the category of RTE foods that do not need 
additional processing or cooking that can eliminate or reduce the microorganisms of 
concern to an acceptable level. Examples of ready-to-eat foods are pasta salad, seafood 
salad, smoked fish, pre-packed fresh fruits and vegetables. Hence, any contamination 
during processing or holding of a product represents a risk to the consumer. Regarding 
chilled RTE food, psychrophilic and psychrotrophic microorganisms, especially 
L. monocytogenes, having the ability to grow at refrigerated temperatures, have a 
relatively high prevalence (Van Coillie et al., 2004; Little et al., 2009; Uyttendaele et 
al., 2009; EFSA, 2013). In fact, even if the bacterium is killed by high temperature, 
contamination or re-contamination can occur in the following steps. Afterwards, 
L. monocytogenes can grow during storage at low temperatures.  
The results of the baseline survey on the EU level prevalence of 
L. monocytogenes in certain RTE foods at retail, carried out in 2010 and 2011, show 
that, at the end of the shelf-life, the prevalence of L. monocytogenes was highest in fish 
products (10.3%) and lower in meat and cheese products: 2.1% and 0.47%, respectively. 
However, the proportion of samples exceeding the EU food safety limit (100 cfu/g) at 
the end of the shelf-life was 1.7% for smoked and gravad fish, 0.43% for meat products 
and 0.06% for soft and semi-soft cheeses (EFSA, 2013).  
Lambertz et al. (2012) reported higher prevalence of L. monocytogenes in 
smoked and gravad (sugar-salted) fish (12% of 558 samples) compared with soft and 
semi-soft cheese and heat-treated meat products in Sweden, although in only 0.5% of 
the fish samples, the levels of the pathogen exceeded 100 cfu/g (Lambertz et al., 2012). 
A prevalence of 14% was observed in gravad fish as well as in cold-smoked fish, while 
approximately 2% in hot-smoked fish. Loncarevic et al. (1995) found 12/58 (21%) of 
the gravad fish samples positive for the pathogen. 
A study on the survey of the pathogen in RTE foods in the United States, 
reported the highest presence of L. monocytogenes for seafood salad (4.7% of 2446 
samples) and smoked seafood (4.3% of the samples) (Gombas et al., 2003). However, 
higher prevalence rates have been reported in different studies for smoked seafood. 
Norton et al. (2001) have found 7.3% of smoked seafood samples being positive for the 
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pathogen in the United States, whereas in Denmark the prevalence in cold-smoked fish 
was 34-60% (Jørgensen and Huss, 1998). In a study on prevalence of L. monocytogenes 
on the Belgian market, Van Coillie et al. (2004) found the pathogen in 19% of smoked 
salmon samples, 33.3% of smoked halibut samples and even 50% of smoked salmon 
salad samples. At retail level in Spain, L. monocytogenes was isolated from 22.3% of 
the samples of smoked fish analyzed and 53% of these positive samples contained 
100 cfu/g (Dominguez et al., 2001). In Italy, the bacterium was detected in 34.1% of 
smoked-salmon samples from supermarkets (Di Pinto et al., 2010). In a study on the 
occurrence of L. monocytogenes in a salmon slaughterhouse and smoked salmon 
processing plant the bacterium was found in 29% of the environmental samples and 
26% of the fish sample from the smokehouse (Rørvik et al., 1995). During processing 
steps the fish was heavily contaminated (26% of the samples) while no 
L. monocytogenes was detected after smoking and before further handling. This 
indicates that the cold-smoked process has some inhibiting effect on the pathogen 
(Rørvik et al., 1995) and that re-contamination occurs after the smoking process, during 
handling and storage of the product. Jami et al. (2014) suggested that the main factors 
influencing the contamination levels of L. monocytogenes in smoked seafood, were the 
relatively high prevalence of the pathogen immediately after packaging, its ability to 
grow in smoked products, the several possibilities of contamination and 
recontamination during processing and the tolerance to refrigeration temperatures. 
Regarding the prevalence of L. monocytogenes in seafood salad, Hartemink and 
Georgsson (1991) found 16% of the seafood salad samples positive which was higher 
than the prevalence found by Gombas et al. (2003) (4.7%). In particular, approximately 
40%, 18% and 23% of gravad salmon salad, cold-smoked salmon salad and shrimp 
salad, respectively, were found positive (Hartemink and Georgsson, 1991). 
L. monocytogenes was observed in 10% and 3.8% of seafood salad samples in Belgium 
(Uyttendaele et al., 2009) and United Kingdom (Little et al., 2007), respectively. A 
great variety within the prevalence levels was observed by Mejlholm (2007) that 
reported a presence of L. monocytogenes of 6.6% (n = 5294), varying between 0 and 
50%, in seafood salads including mayonnaise-based products with smoked salmon and 
shrimp (Mejlholm et al. PhD-thesis, 2007). In this PhD-thesis, the level of 
L. monocytogenes was reported for almost 15.000 samples of lightly preserved seafood. 
The prevalence in cold-smoked halibut, cold-smoked salmon and cold-smoked trout 
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was 45.0%, 18.6% and 16.4%, respectively. Regarding gravad fish, L. monocytogenes 
was observed in 31.6% of the samples (Mejlholm et al. PhD-thesis, 2007).  
1.4.1.2. Listeriosis and outbreaks associated with lightly preserved seafood 
L. monocytogenes is an opportunistic intracellular pathogen that can cause 
listeriosis, a rare but serious infection mainly caused by eating contaminated food or 
feed in humans and animals. It affects a wide range of animals, including domestic and 
wild mammals, birds, fish and humans (Ivanek et al., 2006). Listeriosis in animals can 
cause encephalitis, abortions, septicaemia or mastitis. In humans, though listeriosis is 
relatively rare and sporadic, it is a severe disease with a high hospitalisation and 
mortality rates (20%-30%) (FAO/WHO, 2004). The infective dose is not known but 
probably depends on the immune status of the consumer and on the strain virulence 
(Farber and Peterkin, 1991; Wiedmann et al., 1997; Roche et al., 2003). In 
immunocompetent individuals listeriosis is usually restricted to a self-limiting febrile 
gastroenteritis, whereas in individuals with a weakened immune system invasive and 
systemic infection can occur, leading to meningitis, encephalitis and septicaemia (Ooi 
and Lorber, 2005; Allerberger and Wagner, 2010). In addition, infection during 
pregnancy can lead to abortion, stillbirth or septicaemia of the neonate (Lamont et al., 
2011).  
Since the 1980s many listeriosis cases and outbreaks associated with 
consumption of contaminated food, mostly soft cheese and ready-to-eat foods have been 
reported (Ho et al., 1986; Büla et al., 1995; Salvat et al., 1995; Dalton et al., 1997; 
Aureli et al., 2000; Mead et al., 2006; Vit et al., 2007; Eurosurveillance Editorial, 2012; 
Yde et al., 2012; Hächler et al., 2013). In the European Union, 1,642 confirmed human 
cases were reported in 2012 and a statistically significant increasing trend has been 
observed for the period 2008-2012, though only slowly. As in previous years, a high 
fatality rate (17.8%) and hospitalization rate (91.6%) were reported among the cases. A 
total of 198 deaths due to listeriosis were reported by 18 Member States in 2012, which 
was the highest number of fatal cases reported since 2006 in the European Union 
(EFSA and ECDC, 2014). L. monocytogenes was seldom detected above the legal safety 
limit from ready-to-eat foods at point of retail and samples exceeding this limit were 
most often found in fishery products (EFSA and ECDC, 2014).  
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However, only a few outbreaks of listeriosis have been associated with 
consumption of lightly preserved seafood, mainly gravad and smoked seafood products 
(Table 1.5). Probably, the usually low concentrations of L. monocytogenes in lightly 
preserved seafood (<10 cfu/g) (Jami et al., 2014) and the relatively low consumption of 
this type of products contribute to the small numbers of associated outbreaks (Mejlholm 
et al. PhD-thesis, 2007). Regarding Europe, Scandinavian countries are more often 
involved in cases of listeriosis because of higher consumption rates of lightly preserved 
seafood compared with other European countries (Lambertz et al., 2013). 
Table 1.5 Lightly preserved seafood implicated in human listeriosis 










Cold-smoked trout Finland 1998 5 (Miettinen et al., 1999) 
Imitation crab meat Canada 1996 2 (Farber et al., 2000) 
Smoked salmon/salmon 
cheese spread 






9 (Ericsson et al., 1997) 





2 (Loncarevic et al., 1998) 





(Brett et al., 1998; 
Mclauchlin et al., 2004) 
Smoked mussels Australia 1991 4 





1989 2 (Riedo et al., 1994) 
Smoked cod roe Denmark 1989 1 
(Rocourt, 1991; Jensen et 
al., 1994) 
Gravad salmon Sweden 1988 3 (Loncarevic et al., 1998) 
 
Ericsson et al. (1997) reported an outbreak of human listeriosis (nine patients) in 
Sweden suspected to have been caused by gravad or cold-smoked rainbow trout. The 
same clonal type of L. monocytogenes was isolated from six of the patients as well as 
from opened and unopened packages of gravad and cold-smoked trout from the same 
producer. Recently, five cases of listeriosis were linked to consumption of cold-smoked 
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Greenland halibut from a Danish producer (http://www.ssi.dk/). One patient has been 
infected in 2013 and four in 2014, and one of these patients died (http://www.ssi.dk/). 
1.4.1.3. EU regulation for Listeria monocytogenes 
The EU  egulation No 178/2002, Article 14, indicates that “food stuffs must not 
be placed on the market if they are unsafe, dangerous to human health or unfit for 
consumption”. When determining if a foodstuff fulfil these requirements the intended 
handling and use of the product should be considered (EC No 178/2002). 
The EU Regulation (EC) 2073/2005 on microbiological criteria for foodstuffs 
states that “foodstuffs should not contain microorganisms or their toxins or metabolites 
in quantities that present an unacceptable risk for human health” and lays down 
microbiological criteria for foodstuffs, which are classified into food safety criteria and 
process hygiene criteria. Annex I of the Regulation presents specific food safety criteria 
for L. monocytogenes in RTE foods and requires the following:  
 In RTE products intended for infants and for special medical purposes 
L. monocytogenes must be absent in 25 g (10-unit sampling plan). 
 L. monocytogenes must not be present in levels exceeding 100 cfu/g in other RTE 
products at retail level (5-unit sampling plan). 
 In RTE foods that are able to support the growth of L. monocytogenes, the pathogen 
should not be present in 25 g “before the food has left the immediate control of the 
food business operator, who has produced it” (5-unit sampling plan); however, if the 
producer can demonstrate, to the satisfaction of the competent authority, that the 
product will not exceed the limit of 100 cfu/g throughout its shelf-life, this criterion 
does not apply. 
 In the case of RTE foods that are able to support the growth of L. monocytogenes, the 
microbiological criterion to be applied depends on the stage in the food chain. 
 Products with pH ≤ 4.4 or aw ≤ 0.92, products with pH ≤ 5.0 and aw ≤ 0.94 and 
products with a shelf-life < 5 days are considered to belong to the category of RTE 
foods that are unable to support the growth of L. monocytogenes. 
The European Union Summary Report on Trends and Sources of Zoonoses, 
Zoonotic Agents and Food-borne Outbreaks reported that in 2012 the highest 
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proportions of non-compliant food products at retail level were found in RTE fish 
products, RTE meat products, mainly fermented sausages, cooked meat products and 
minced meat intended to be eaten raw, and cheese (especially soft and semi-soft) (EFSA 
and ECDC, 2014).  
Lightly preserved seafood (pH>5; <6% NaCl in water phase corresponding to aw 
~0.96) are not included in the category of foods that prevent the growth of 
L. monocytogenes. Furthermore, it is in the interest of the seafood industry to develop 
products with extended shelf-life (> 5 days). Thus, if it is possible, the producers should 
demonstrate that the limit of 100 cfu/g is not exceeded within the product shelf-life; 
otherwise, L. monocytogenes must not be detected in 25 g. EU Regulation EC 
2073/2005 indicates predictive mathematical models as tools to document that product 
characteristics, storage conditions and the declared shelf-life of a give RTE product, 
ensure the control of L. monocytogenes within the limit of 100 cfu/g (Mejlholm et al., 
2010). 
1.4.2. Organic acids to prevent growth of Listeria monocytogenes in lightly 
preserved seafood 
The most important product characteristics and storage conditions that influence 
survival and growth of L. monocytogenes in lightly preserved seafood are pH, water 
activity (aw), atmosphere composition, and time and temperature under which the food 
is stored. It is accepted that to prevent listeriosis it is important to implement good 
manufacturing practices (GMP), good hygiene practices (GHP), HACCP systems and 
effective chilled temperature control throughout the food production, distribution and 
storage chain (Leroi, 2010). Furthermore, the preservatives and product-microflora, 
including the possible starter cultures or their metabolites, may have a significant 
impact on the survival and growth of L. monocytogenes during the product shelf-life 
(see section 1.1.7 and 1.3.1.2) (EN SANCO/1628/2008). MAP under enhanced CO2 
concentrations and chilled storage delay the growth of L. monocytogenes (Sivertsvik, et 
al., 2002a). In addition, MAP compared with VP better inhibits the growth of 
L. monocytogenes in e.g. cold-smoked salmon (Mejlholm and Dalgaard, 2007a), 
although MAP is not able to strictly control the pathogen. Thus, to ensure safety 
products, additional hurdles must be considered (Sivertsvik, et al., 2002a). 
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Salt of organic acids e.g. lactate and diacetate have been evaluated to prevent 
growth of L. monocytogenes in lightly preserved seafood (Yoon et al., 2004; Vogel et 
al., 2006; Mejlholm and Dalgaard, 2007a). It is assumed that the salts have the same 
antimicrobial effect as the corresponding organic acids at the same pH values. Yoon et 
al. (2004) tested different concentrations of potassium lactate and sodium diacetate 
against L. monocytogenes in VP cold-smoked salmon. The growth was prevented in 
products stored at 4°C during 32 days of storage adding 0.06% of sodium diacetate and 
0.84% of potassium lactate, while 0.2% sodium diacetate and 2.8% potassium lactate 
were necessary to prevent growth of L. monocytogenes at 10°C (Yoon et al., 2004). In 
another study, the growth in VP cold-smoked salmon was delayed by 2.1% potassium 
lactate and 0.12% sodium diacetate for 42 days at 10°C (Vogel et al., 2006). Neetoo and 
Chen (2008) found that the best inhibiting effect tested in their study on growth of 
L. monocytogenes was given by 2.4% sodium lactate and 0.125% sodium diacetate. 
This combination inhibited the growth of the pathogen in VP cold-smoked salmon 
fillets for 4 weeks. The initial inoculation level was 3.2 Log cfu/g and after 4 weeks the 
concentration of L. monocytogenes was 3.3 Log cfu/g (Neetoo et al., 2008).  
In challenge tests conducted by Mejlholm and Dalgaard (2007a) it was observed 
that the addition of 0.15% diacetate to MAP cold-smoked salmon prevented the growth 
of L. monocytogenes for more than 40 days at 8°C, while the same conditions did not 
prevent the growth of L. monocytogenes in MAP cold-smoked Greenland halibut. 
However, the authors explained the difference between the products by the different 
percentage of naturally occurring water phase lactate in cold-smoked salmon (0.77-
0.98%) and cold-smoked Greenland halibut (0.13-0.15%). In fact, when the percentage 
of water phase lactate in cold-smoked Greenland halibut was 0.79-1.03% (i.e. 0.75-
1.0% added lactate) the addition of 0.15% diacetate prevented the growth of 
L. monocytogenes for more than 45 days at 8°C. In MAP gravad salmon, the addition of 
0.15% diacetate had only a weak inhibitory effect on the growth of the pathogen at 
15°C, but the percentage of lactate in the water phase was only 0.62%, confirming a 
synergistic effect of diacetate and lactate against the pathogen (Mejlholm and Dalgaard, 
2007a). In MAP cold-smoked salmon stored at 15°C the addition of 0.15% diacetate 
also inhibited the growth of the microorganism. In particular, the growth was prevented 
for 7 days and only 1.3 cfu/g were detected after 14 days of storage at 15°C (Mejlholm 
and Dalgaard, 2007a). In MAP marinated Greenland halibut, having higher pH (6.7-6.8) 
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than others products, it was not possible to control the growth of L. monocytogenes at 
8°C by the addition of 0.15% diacetate and 0.9% lactate. At these levels of pH only a 
small part of organic acids are in the undissociated form with antimicrobial effect, thus, 
at pH close to 6 or lower the inhibition effect is increased (Mejlholm and Dalgaard, 
2007a).  
In brined shell-fish, roe products and seafood salads, including mayonnaise-
based seafood salad, acetic, benzoic, citric and sorbic acids play an important role in 
preventing microbial growth (Vermeulen et al., 2007; Mejlholm et al., 2008; Skalina 
and Nikolajeva, 2010; Mejlholm et al., 2010). In a study on potential growth of 
L. monocytogenes in brined cold-water shrimp, brines contained different 
concentrations of (i) benzoic, citric and sorbic acids, (ii) benzoic and citric acids or (iii) 
citric and sorbic acids were tested (Mejlholm et al., 2008). Shrimp in brine and brined 
and drained MAP shrimp were inoculated with L. monocytogenes to study the effects of 
brine composition and storage atmosphere on growth of the pathogen. Furthermore, it 
was tested if adding diacetate to shrimp in brine and brined and drained MAP shrimp 
could be used as substitution against L. monocytogenes when the concentration of other 
food preservatives was reduced. Diacetate was added together with (i) sorbic and citric 
acids to shrimp in brine and brined and drained MAP shrimp, and (ii) together with 
citric acid to brined and drained MAP shrimp. The growth of L. monocytogenes was 
prevented in shrimp in brine with benzoic, citric and sorbic acids for more than 40 days 
at 7°C, while in brined and drained MAP shrimp with comparable preserving profile an 
increment in the concentration of 1.5 Log cfu/g was observed during 70 days of storage 
at 8°C. The percentages of added organic acids in the water phase were 0.11-0.12%, 
0.54-0.61%, 0.04-0.05% for benzoic, citric and sorbic acids, respectively, whereas the 
natural content of lactic acid were 0.05-0.06%. It is important to emphasize that this 
preserving profile correspond to the one used for commercial brined shrimp and that 
their shelf-life is usually no longer than 42 days (Mejlholm et al., 2008), hence, the 
growth of L. monocytogenes should be under control. However, in brine without 
benzoic acid the concentration of L. monocytogenes increased and the time to a 100-fold 
increase in cell concentration was reduced from more than 40 days to 6 days for shrimp 
in brine and from more than 70 days to 7 days for brined and drained MAP shrimp 
(Mejlholm et al., 2008). When sorbic acid was omitted from the brine, the time for 100-
fold increase was only reduced from more than 70 days to 31 days. The addition of 
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diacetate to brine with sorbic and citric acids resulting in 0.14-0.23% water phase 
diacetate, reduced the time to 100-fold increase from more than 40 to 27 for shrimp in 
brine and from more than 70 to 20 for brined and drained MAP shrimp (Mejlholm et al., 
2008). Hence, changes in brine composition have a significant impact on growth of 
L. monocytogenes and this has to be evaluated when existing products are reformulated 
or when new products are developed. Similarly, Mejlholm et al. (2012) found that 
L. monocytogenes was unable to grow at 7.7°C in brined and drained MAP shrimp 
representing commercial products with brine containing benzoic, citric and sorbic acids 
or acetic and lactic acids. However, when the concentration of acetic and lactic acid was 
reduced by 50% or 75%, concentrations of L. monocytogenes increased between 1.8 and 
3.4 Log (cfu/g) during storage (Mejlholm et al., 2012). Regarding mayonnaise-based 
seafood salads, it is important to avoid the presence of L. monocytogenes in seafood 
components as they are the main source of contamination (Hwang and Tamplin, 2005; 
Uyttendaele et al., 2009). Indeed the low pH (≤4.1) and small concentrations (≥0.25%) 
of acetic acid ensure microbiological safety of commercial mayonnaise. However, when 
seafood components are added, the mayonnaise pH is buffered and other inhibitory 
factors (e.g. aw) are reduced (Hwang and Tamplin, 2005; Tassou et al., 2009). Thus, if 
L. monocytogenes is present in the seafood components or recontamination occurs 
during processing and storage, and no hurdles are added, the pathogen may grow. In a 
challenge test with mayonnaise-surimi salad (aw 0.982) a strong inhibitory effect of 
acetic acid on growth of L. monocytogenes was observed, even at small concentrations 
(0.2% (w/w)) and this effect was increased by pH decrease from pH 6.0 to 5.4 
(Vermeulen et al., 2007). Acetic acid has a relatively high pKa value of 4.75 and a 
greater percentage of its undissociated form is present at pH 5.4 (20% undissociated 
acetic acid) than at pH 6.0 (5.4% undissociated acetic acid). Vermeulen et al.(2007) also 
found that benzoic and sorbic acids concentrations of 0.06% at 7°C and 0.03% at 4°C 
(below the maximum allowed concentration) were sufficient to inhibit 
L. monocytogenes under conditions simulating mayonnaise-based salads (pH 5.6 and 
aw 0.985) (Vermeulen et al., 2007). Tassou et al. (2009) studied the survival of 
L. monocytogenes in fish roe salad (0.4-0.9% acetic acid, 0.2-0.3% citric acid, 2-3% 
NaCl, pH 4.5) with and without the addition of preservatives (0.1% benzoic and 0.1% 
sorbic acids). L. monocytogenes survived in fish roe salad without preservatives for 
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15 days, whereas in the same salad with preservatives the cell concentration decreased 
and no cell were detected after 12 days of storage (Tassou et al., 2009). 
1.5. Predictive microbiology 
Predictive microbiology is an area of food microbiology which involves the use 
of mathematical models that predict microbial behaviour in laboratory media and foods 
as a function of important environmental conditions. It is based on the premise that 
microbial responses to environmental factors are reproducible, and they can be 
described by equations: it is possible from past observations to predict responses of 
microorganisms in other similar environments (McMeekin et al., 2006). The 
environment is characterized by those factor that most affect microbial growth and 
survival including e.g. temperature, pH, salt and preservatives (McMeekin et al., 2006). 
In food microbiology, the first mathematical models were developed at the 
beginning of 20
th 
century with the aim to describe inactivation kinetics of food-borne 
pathogens during thermal treatments of food. Esty and Meyer (1922) described the 
thermal death of Clostridium botulinum type A spores by a log-linear model. One of the 
first books about this discipline described it as “a quantitative science that enables users 
to evaluate objectively the effect of processing, distribution, and storage operations on 
the microbiological safety and quality of foods” (McMeekin et al., 2006). 
In the last 30th years this discipline has increased its importance in the food 
industry and public health even thanks to the development of computer technology. In 
fact, this modern approach is closely linked to information systems such as predictive 
microbiology software and databases on microbial characteristics, food composition and 
processing information with the purpose to represent environment/response mapping. 
These tools allow assisting decisions about safety assessment and management taken in 
a short time (McMeekin et al., 2006). Furthermore, with the development of computer 
science the most complicated mathematical models can be easily programmed and 
applied in practice (Li et al., 2007). Currently there are several user-friendly software 
that include predictive microbiology models and they allow a large amount of people to 
conveniently use the models (Dalgaard, 2002; McMeekin et al., 2006).  
The growth of pathogens and spoilage microorganisms, which influences the 
safety and shelf-life of a product, is especially important in fresh and lightly preserved 
seafood. The evaluation and prediction of growth should be obtained fast and be 
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reasonably accurate (Dalgaard, 2009) allowing to make decisions and, consequently, act 
during the production chain, in real time. Furthermore, data generation in laboratories is 
costly and time-consuming. Several authors support predictive microbiology as a 
quicker and cheaper method than classical microbiology to define the shelf-life and 
safety of foods (Baranyi and Roberts, 2004; Dalgaard, 2009). Despite the complexity of 
many food matrixes, mathematical models can simplify the quantitative description of 
the behaviour of microorganisms based on product characteristics (salt, aw, pH, organic 
acids, smoke components, food structure, competing microflora and its metabolites), 
process characteristics (heat, high pressure, freezing, etc.) and storage conditions 
(temperature, atmosphere, humidity) (Dalgaard, 2009). 
1.5.1. Model development 
Studies about predominant microbiota, specific spoilage microorganisms and 
potential growth of pathogens in products of interest, are pre-requisites necessary for 
model development. Afterwards, to develop a model, experimental data should be 
generated (Dalgaard, 2003). It is important to determine growth curves in relation to 
different combinations of factors affecting growth. Growth curves can be obtained using 
liquid media, where it is easy to adjust values of controlling factors and automated 
methods for measuring microbial growth (e.g. absorbance or conductance 
measurements) can be used. However, experimental data from product storage trials are 
more realistic than the ones from liquid media, therefore, they are required for 
development of accurate predictive models (Dalgaard, 2002). 
It is well accepted that microbial cell concentration changes throughout time can 
be divided into four phases: lag phase, log (or exponential) phase, stationary phase and 
death (Figure 1.2). In the lag phase cells adapt to the environment and do not grow; 
after the adaptation, bacteria divide by binary fission resulting in exponential growth 
(log-phase) until maximum population density is reached. Afterward the stationary 
phase is reached and growth slows due to depletion of nutrients or accumulation of 




Figure 1.2 The bacterial growth curve (http://academic.pgcc.edu/) 
Predictive microbiological models are usually developed in two steps: before, 
primary models, that describe or predict changes in cell concentration of 
microorganisms over time, are realized; afterwards are developed secondary models 
which describe the effects of controlling factors on the growth of microorganisms 
(Figure 1.3) (Dalgaard, 2009). 
 
 
Figure 1.3 Classical two-steps approach to develop a predictive microbiological model (Dalgaard, 2009) 
Primary models establish the growth/death curve in constant environments and 
estimate kinetic parameters including lag time tlag (h), maximum specific growth rate 
µmax (h
-1
), maximum cell concentration Nmax (cfu/g) from experimental data (Dalgaard, 
2009). For microbial growth, often sigmoid functions are used to fit experimental data 
and obtain the kinetic parameters (Arroyo-López et al., 2012). The “S”-shaped curve is 
comparable to the phases of microbial growth: lag-phase, log-phase and stationary 
phase (McKellar and Lu, 2004). The simple logistic model is normally used for fitting 
experimental growth data and it predicts well bacterial growth curve (Dalgaard, 1995a; 
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Fujikawa et al., 2004; Dalgaard, 2009). This model has a differential form (Eqn. 1) that 
describes how the specific growth rate (µt) of a microorganism is reduced when the cell 
concentration (Nt, cfu/g) reaches its maximum value (Nmax, cfu/g) (Giménez and 
Dalgaard, 2004) and an integrated and log-transformed form (Eqn. 2) that describes the 
cell concentration at different points in time (Dalgaard, 2009): 
 
     
  
             
  
    
                                                          Eqn. 1 
 
            
    
   
    
  
                
     Eqn. 2 
 
N: Cell concentration (cfu/g) 
Nt: Cell concentration at time t (cfu/g) 
Nmax: Maximum cell concentration 
μt: Specific growth rate 





Other, more complex primary models are available, such as modified Gompertz 
model and Baranyi growth model (Baranyi et al., 1993). However, the logistic model 
seems to be sufficient to describe and predict growth of microorganisms in food 
(Giménez and Dalgaard, 2004). 
Secondary growth models describe the relation between important 
environmental parameters and the growth response of microorganisms, allowing growth 
to be predicted within the range of conditions modelled (McMeekin et al., 2006; 
Dalgaard, 2009). It describes the influence of relevant parameters, including pH, 
temperature, water activity, atmosphere/CO2 and additives, on values of kinetic 
parameters, e.g. lag time and maximum specific growth rate (μmax). The temperature is 
the most important environmental factor affecting bacterial growth and it is controllable 
during the storage period. In fact in most predictive microbiological models, 
temperature represents the major factor influencing the kinetic of microorganisms (Ross 
and Dalgaard, 2000). Other important environmental factors, such as pH and water 
activity followed by preservatives, antimicrobial compounds and atmospheric 
composition, are not controllable as they can change over time due to bacterial growth 
(Baranyi and Roberts, 2004). Hence, one of the basic requirements for using predictive 
models is a thorough characterization of the food, including measurement of all the 
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relevant product characteristics as well as the storage conditions (Dalgaard, 2009). 
Several secondary models that predict microbial growth in food have been developed. 
The cardinal parameter (Rosso et al., 1993), the square-root (Ratkowsky et al., 1982) 
and the polynomial model are some examples (Ross and Dalgaard, 2000). The cardinal 
parameter and the square root models use cardinal parameters, such as Tmin, Tmax, aw-min, 
aw-max, to describe the effect of environmental factors on the growth rate of 
microorganisms. In section 1.5.2, cardinal parameter secondary models for the growth 
rate and the growth boundary of Listeria monocytogenes and psychrotolerant lactic acid 
bacteria (LAB) in different types of ready-to-eat foods, including lightly preserved 
seafood are presented (Mejlholm and Dalgaard, 2009; Mejlholm et al., 2010; Mejlholm 
and Dalgaard, 2013; 2014; 2015). 
In addition, tertiary models are user-friendly software that incorporates primary 
and secondary models. They enable users (e.g. industries) to simplify application of 
predictive models. For example, the Food Spoilage and Safety Predictor (FSSP) 
software, available at http://fssp.food.dtu.dk, predicts shelf-life as well as growth of 
spoilage and pathogenic microorganisms in different fresh and lightly preserved foods. 
An important aspect of model development is the validation step. A model 
cannot be used until it has been properly evaluated. The performance and reliability of a 
model can be evaluated in product validation studies where observed and predicted 
growth of microorganisms are compared. Challenge tests are usually carried out to 
obtain experimental data. A challenge test is a laboratory based study that measures 
growth rates of microorganisms in an artificially contaminated food stored under 
specific conditions. However, data from naturally contaminated products are necessary 
during validation of existing models, as they offer real situations. In order to evaluate 
the applicability of a model, graphical methods, where predicted and observed values 
are plotted against each other, can be used (McClure et al., 1994). Otherwise, Bias 
factor (Bf) and Accuracy factor (Af) are two complementary indices proposed by Ross 
(1996) to objectively evaluate the performance of a model. The Bias factor indicates an 
average deviation between predicted and observed growth rate (Eqn. 3) (Ross, 1996). 
 
               
                                  




A Bf of 1 indicates perfect agreement between predictions and observations. 
Values < 1 means that the model underestimates the growth rates in comparison with 
observed data resulting in fail-dangerous predictions (i.e. prediction of no-growth when 
growth is actually observed). Whereas a Bf > 1 indicates that the model predicts higher 
growth rates than observed rendering the model fail-safe. It has been suggested that a Bf 
value within the range 0.85-1.25 indicates an acceptable performance for predictive 
models describing growth of spoilage bacteria (Mejlholm and Dalgaard, 2013). 
Regarding predictive models for growth of L. monocytogenes, stricter values have been 
suggested. Bf within the range 0.95-1.11 indicates a good performance, whereas a Bf 
within the range 0.87-0.95 or 1.11-1.43 indicates an acceptable performance for the 
model (Ross, 1999; Mejlholm et al., 2010). 
The Accuracy factor indicates the spread of results about the predictions 
(Eqn. 4). It is a measure of how close, on average, predictions are to observations. A 
value of 1 indicates that there is perfect agreement between predicted and observed 
values (Ross, 1996).  
                   
                                   
                        Eqn. 4 
 
When the model has been validated it is necessary to interpret the outputs 
correctly, taking into account the type of products for which the model has been 
developed and the interval of parameters values within which the model has been 
validated. 
Successfully validated predictive microbiological models are useful in 
relation to: 
 estimation of product safety and shelf-life based on product characteristics and 
storage conditions; 
 prediction of changes in microbial population in a product during processing and 
storage; 
 product research and development: formulation or re-formulation;  
 design and optimization of food processes (e.g. changing in packaging or conditions 
in the food chain); 
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 risk-based food safety assessment and management such as QMRA (Quantitative 
Microbial Risk Assessment) and HACCP (Hazard Analysis for Critical Control 
Point); 
 evaluation of the consequences of lapses in process and storage control; 
 research: design of experiments (e.g. define the interval between samplings) 
 document compliance with microbial criteria and/or regulations for food; 
 education and communication to food business operators, authorities, researchers, 
consumers as well as to students, as model simulations can show graphically the 
effect, for example, of different risk reduction strategies on growth of spoilage 
microorganisms (Dalgaard, 2002; 2009). 
1.5.2. Existing models for lactic acid bacteria and L. monocytogenes in lightly 
preserved seafood 
At the National Food Institute (DTU Food) of Denmark, extensive mathematical 
models have been developed and validated predicting the growth rate and the growth 
boundary of Listeria monocytogenes and psychrotolerant lactic acid bacteria (LAB) in 
different types of ready-to-eat foods, primarily seafood and meat products (Table 1.6) 
(Mejlholm and Dalgaard, 2009; Mejlholm et al., 2010; Mejlholm and Dalgaard, 2013). 
These cardinal parameter secondary models are based on the individual, as well as the 
interactive effect of 12 relevant parameters including product characteristic and storage 
conditions: temperature, atmosphere (%CO2 at equilibrium in the headspace), water 
phase NaCl/water activity, pH, smoke components (phenol), nitrite, acetic acid, benzoic 
acid, citric acid, diacetate, lactic acid and sorbic acid in the water phase. Models were 
developed by expanding existing cardinal parameter models for growth and growth 
boundary of L. monocytogenes and psychrotolerant Lactobacillus spp. with additional 
inhibiting factors (Mejlholm and Dalgaard, 2007a; 2007b). 
Several authors observed that interaction between L. monocytogenes and LAB 
(see section 1.3.1.2) must be included in mathematical models in order to correctly 
predict the growth of L. monocytogenes in e.g. lightly preserved seafood (Ross et al., 
2000; Giménez and Dalgaard, 2004; Mejlholm and Dalgaard, 2007b; Vermeulen et al., 
2011). L. monocytogenes stops growing when LAB reach their maximum population 
density (MPD) and this phenomenon is called the Jameson effect (Ross et al., 2000; 




Table 1.6 Description of existing predictive growth models 
Model 












Microorganisms L. monocytogenes 
Psychrotolerant 
Lactobacillus spp. 
L. monocytogenes and 
psychrotolerant LAB 









Temperature, CO2, WP 
NaCl/aw, pH, smoke 
components/phenol, 
nitrite, diacetate, acetic, 
benzoic, citric, lactic and 
sorbic acids WP 
d
 
Temperature, CO2, WP 
NaCl/aw, pH, smoke 
components/phenol, 
nitrite, diacetate, acetic, 
benzoic, citric, lactic and 
sorbic acids WP 
d
 
Temperature, CO2, WP 
NaCl/aw, pH, smoke 
components/phenol, 
nitrite, diacetate, acetic, 
benzoic, citric, lactic and 





Fresh and lightly 
preserved seafood, meat, 
poultry and non-
fermented dairy products 
Fresh and lightly 





Greenland halibut and 
trout; brined shrimp and 
mayonnaise-based 
seafood salads 
with pH >6.0 
Range of 
applicability 
T (2-5°C), CO2 (0-100%), 
WP NaCl (1.5-9.0%),  
pH (5.4-7.7), smoke 
components/phenol (0-20 
ppm), nitrite (0-150 ppm 
in product), acetic acid 
(0-11000 ppm WP), 
benzoic acid (0-1200 
ppm WP), citric acid (0-
6500 ppm WP), diacetate 
(0-3800 ppm WP),  
lactic acid (0-61000 ppm 
WP) and  
sorbic acid (0-1000 WP)
d
 
T (0-25°C),  
CO2 (0-100%),  
WP NaCl (0.1-6.4%), 
pH (5.3-7.7), smoke 
components/phenol (0-
21.2 ppm), nitrite (0-209 
ppm in product), acetic 
acid (0-12600 ppm WP), 
benzoic acid (0-1600 
ppm WP), citric acid (0-
7300 ppm WP), diacetate 
(0-3000 ppm WP),  
lactic acid (0-67000 ppm 
WP) and  
sorbic acid (0-1600 WP)
d
 
T (2-25°C),  
CO2 (0-100%),  
WP NaCl (0.7-9.0%),  
pH (5.6-7.7), smoke 
components/phenol (0-20 
ppm), nitrite (0-150 ppm 
in product), acetic acid 
(0-11000 ppm WP), 
benzoic acid (0-1800 
ppm WP), citric acid (0-
6500 ppm WP), diacetate 
(0-3000 ppm WP),  
lactic acid (0-60000 ppm 
WP) and  




(Mejlholm and Dalgaard, 
2007a; 2009; Mejlholm 
et al., 2010) 
(Mejlholm and Dalgaard, 
2007b; 2013) 
(http://fssp.food.dtu.dk/; 
Mejlholm and Dalgaard, 
2015) 
a 
The models are available as part of the user-friendly software Food Spoilage and Safety Predictor 
(FSSP) (http://fssp.food.dtu.dk/) 
b 
Terms for the antimicrobial effect of acetic, benzoic, citric and sorbic acids against L. monocytogenes 
were added to an existing cardinal parameter model for growth and growth boundary of 
L. monocytogenes including the effect of eight environmental parameters (Mejlholm and Dalgaard, 
2007a) 
c 
Terms for the antimicrobial effect of nitrite, acetic, benzoic, citric and sorbic acids against 
psychrotolerant Lactobacillus spp. were added to an existing cardinal parameter model for growth and 




T=temperature; WP=water phase; CO2=equilibrium concentration of CO2 in the headspace atmosphere 
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Recently, the two cardinal parameter secondary models for L. monocytogenes 
and Lactobacillus spp. (Mejlholm and Dalgaard, 2009; 2013) have been combined to 
develop a new model for the simultaneous growth of L. monocytogenes and 
psychrotolerant Lactobacillus spp. that takes into account the Jameson effect between 
the two types of microorganisms, in processed seafood and mayonnaise-based seafood 
salads (Mejlholm and Dalgaard, 2015). In comparison with a previously microbial 
interaction model (Mejlholm and Dalgaard, 2007b) the new Lm-LAB model was 
expanded with the effect of nitrite, acetic, benzoic, citric and sorbic acids.  
The model performance was evaluated by comparison of observed and predicted 
growth of L. monocytogenes and Lactobacillus sakei in 30 challenge tests with brined 
and drained shrimp (n=11) and mayonnaise-based shrimp salads (n=19) and with data 
from the literature (n=82) including brined shell-fish, smoked and marinated (e.g. 
gravad) fish. The challenge tests were performed with products containing different 
combinations of organic acids as preservatives and stored at dynamic and constant 
temperatures. Shrimp were brined in three different types of brine including sodium 
chloride, sodium benzoate, citric acid and/or potassium sorbate and were packed under 
MAP (40% CO2 and 60% N2) or VP.  
Brined and drained MAP shrimp were stored at dynamic temperatures between 5 
and 12°C, whereas brined and drained VP shrimp were stored at 5°C. For mayonnaise-
based shrimp salads, consisting of an equal mixture of mayonnaise and brined shrimp, 
two types of brine including (i) sodium chloride, sodium benzoate, citric acid and 
potassium sorbate or (ii) sodium chloride, sodium-acetate and sodium-lactate, were 
used. The salads were stored under MAP or air at constant temperatures between 5 and 
12°C. 
The growth of L. monocytogenes and Lb. sakei were accurately predicted by the 
new model taking into account the Jameson effect in brined and drained MAP shrimp 
stored at dynamic temperatures. The model has also been shown to accurately predict 
the simultaneous growth of L. monocytogenes and Lactobacillus spp. in others types of 
processed seafood (e.g. brined shell fish, cold-smoked and marinated fish). In these 
products including (i) benzoic, citric and sorbic acids or (ii) acetic/diacetate and lactic 
acids average MPD values of 4.9 and 4.4 Log cfu/g observed and predicted, 
respectively, for L. monocytogenes. Prediction of growth/no-growth responses of 
L. monocytogenes was correct for 90% of the experiments with processed seafood. Bias 
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and accuracy factor (Bf and Af) values of 1.01 and 1.26 were obtained when observed 
and predicted growth rates (µmax values) of L. monocytogenes were compared and 
values of 0.99 and 1.38 when observed and predicted µmax values of LAB were 
compared. When the effect of microbial interaction was not taken into account, the 
growth of the pathogen was often overestimated. In mayonnaise-based shrimp salad 
with pH ≥ 6.0, L. monocytogenes continued to grow at a reduced growth rate after 
Lb. sakei reached their MPD and the growth of L. monocytogenes was correctly 
predicted by an expanded version of the classical Jameson effect model. The latter 
model describes the continued but reduced growth of the pathogen after LAB has 
reached their MPD by the introduction of a competition factor (Møller et al., 2013; 
Mejlholm and Dalgaard, 2015). However, for shrimp salad at pH < 6.0, the growth of 
L. monocytogenes was underestimated. In particular, high percentages of fail dangerous 
predictions (i.e. prediction of no-growth when growth was actually observed) were 
obtained and at pH < 5.6 even 100% of the predictions were fail-dangerous. For 
Lb. sakei the predicted µmax values were 26% too slow and Bf and Af values were 0.74 
and 1.36, respectively. The authors have hypothesized that partitioning of organic acids 
between the lipid and the water phase of foods should be included in order to improve 
the performance of the model. For products with low lipid content (e.g. brined shrimp) 
or for organic acids with low solubility in the lipid phase (e.g. acetic and lactic acids) 
the importance of partitioning could be negligible as a very small proportion of 
preservatives would be dissolved in the lipid phase. However, mayonnaise-based 
shrimp salad has higher lipid contents (27-38%) and benzoic and sorbic acids (highly 
soluble in the lipid phase) are often used as preservatives. Taking into account the 
percentage of organic acids dissolved in the water phase, the prediction of the models 
for L. monocytogenes and Lb. sakei were improved for shrimp salad with benzoic and 
sorbic acids. Despite improvements, the average Bf values for L. monocytogenes and 
Lactobacillus spp. indicated that the model was still unacceptable (Mejlholm and 
Dalgaard, 2015). Therefore, further studies are needed to better understand what the 




2. Aim of the project 
Predictive mathematical models are important tools to assess and manage 
microbial safety and quality of food products. They can be used to evaluate product 
shelf-life, to re-formulate existing products, to develop new products and to document 
compliance with regulations for foods. Storage trials and challenge tests are needed in 
order to develop and validate a new model and to determine its range of applicability. 
Models must take into account the relevant parameters influencing microbial growth in 
food. In lightly preserved seafood organic acids are often used as preservatives, thus, 
their inhibiting effect was considered in existing models (Mejlholm and Dalgaard, 
2007b; a; 2009; 2013; 2015). These models predict growth of lactic acid bacteria (LAB) 
and Listeria monocytogenes in different types of ready to eat products, including chilled 
lightly preserved seafood. In the latter products, LAB has often been detected as the 
dominant microbiota at the time of spoilage, and L. monocytogenes has been shown to 
have a relatively high prevalence. Furthermore, it has been observed that high levels of 
LAB can inhibit growth of L. monocytogenes through the “Jameson effect”.  ecently, a 
new model was developed to predict the simultaneous growth of L. monocytogenes and 
psychrotolerant LAB taking into account the Jameson effect. The new model predicts 
the individual, as well as the interactive effects, of 12 preserving parameters on 
microbial growth, i.e. temperature, CO2, NaCl, pH, smoke components (phenol), nitrite, 
acetic acid, benzoic acid, citric acid, diacetate, lactic acid and sorbic acid (Mejlholm and 
Dalgaard, 2015). This model has been developed and validated for processed seafood, 
including brined shrimp and cold-smoked fish, and mayonnaise-based shrimp salads. 
However, the performance of the model was unacceptable for the latter category having 
a higher lipid content in comparison with processed seafood (Mejlholm and Dalgaard, 
2015). 
The general aim of the present work was to examine the importance of the 
composition of the food matrix on the antimicrobial effect of preservatives and to 
evaluate the performance of existing predictive models.  
Products with different structural composition were examined to determine how 
the food matrix affects the antimicrobial effect of organic acids against spoilage and 
pathogenic bacteria. At first, salmon and cod filets (I), and afterwards mayonnaise-
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based shrimp salads (II) stored under modified atmosphere packaging (MAP), were 
chosen as a case.  
A pre-experiment was performed to evaluate the microbiological quality of 
salmon and cod filets (samples used in the challenge test I), examining the growth 
kinetics of the natural microbiota including evaluation of sensory changes throughout 
the time. Furthermore, the objective was to train and be familiar with the 
microbiological methods used as part of the following challenge tests. 
Three experiments were carried out to determine how to adjust the pH of the 
samples for the challenge test I (salmon and cod filets) in order to obtain lower and 
more uniform pH levels, using different concentrations of organic acids.  
Two challenge tests were performed examining the growth kinetics of the 
microbiota, including chemical analyses to determine the product characteristics. 
Samples were inoculated with a predefined concentration of LAB, as spoilage 
microorganisms, and L. monocytogenes, as pathogenic microorganisms. Salmon and 
cod filets were selected as food matrixes representing a fat- and lean fish, respectively 
(challenge test I). For the organic acids, benzoic and sorbic acids, with relatively high 
solubility in the lipid phase, were examined together with lactic acid, having a low 
solubility in the lipid phase. Samples of minced salmon and cod filets were examined 
with and without addition of extra fish oil to represent treatments with different lipid 
contents. Mayonnaise-based shrimp salads represented the food matrix in the challenge 
test II. Mayonnaise with a low and a high content of lipids, respectively, were used for 
the samples together with brined and drained shrimp including acetic, citric and lactic 
acids (slightly soluble in the lipid phase), and benzoic and sorbic acids (highly soluble 
in the lipid phase) as preservatives. Observed growth was compared with predicted 
growth using existing mathematical models. 
Minimum Inhibitory Concentration (MIC) values for acetic and benzoic acids 
against L. monocytogenes were determined in liquid media with and without the 
addition of fish oil. Fish oil was added to examine how MIC values for organic acids 
having different solubility in the lipid phase were affected by different lipid contents. 





3. Materials and methods 
In this section all performed experiments are described. The disposition of the 
section is not necessary chronological since some analyses were performed more than 
once during the experimental phase. Table 3.1 presents the main analyses performed at 
each stage of the present study. 
Table 3.1 Overview of the main experiments carried out in the present study and their analyses. 
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Salmon (Salmon salar) and Cod (Gandus morhua) filets processed and frozen by 
a Danish seafood processing company (Royal Greenland A/S) were used for the 
experiments (pre-experiment, section 3.1; adjustment of pH, section 3.2; challenge test 
I, section 3.3). Salmon came from aquacultures in Norway and cod were caught in the 
North-East Atlantic Ocean. Filets of salmon and cod (2 x 20 kg) were supplied in their 
frozen state to the National Food institute (DTU Food), Technical University of 
43 
 
Denmark, and immediately stored in a freezing room. The filets were kept at -20°C until 
the start of the experiments. 
3.1. Pre-experiment 
A pre-experiment was carried out in order to evaluate the microbial quality of 
salmon and cod filets. 
3.1.1. Packaging and storage of samples 
Salmon and cod filets (2 x 10 filets) were thawed overnight at 5 °C. 
Thawed filets were individually packed in modified atmosphere (MA). The 
packaging machine was cleaned and checked before packing. In this regard, at the 
beginning of the experiment the initial gas composition for two packages without fish 
was analysed. 
During packaging, samples were kept on ice to avoid temperature abuse. The 
filets were placed in plastic trays and then in plastic bags (NEN 40 HOB/LLPDE 75, 














The modified atmosphere initially contained 40% CO2 and 60% N2, and the gases were 
mixed using a gas mixer (MAP mix 9000, PBI Dansensor, Ringsted, Denmark). 
Packaging was performed on a Multivac A 300/16 packaging machine (Multivac Ltd., 
Vejle, Denmark). The integrity of each pack was checked to ensure that no leakages 
would occur. 
Samples were stored in an incubator at 4 °C for 14 days. Storage temperatures 
were recorded continuously throughout the experiment using data loggers (TinytagPlus, 
Gemini Data Loggers Ltd., Chichester, UK) to survey any temperature abuse. Two 
loggers were placed: one on the top and one on the bottom shelf of the incubator. The 
experimental design and storage conditions are shown in Table 3.2. 























 Modified atmosphere packaging initially containing 40% CO2 and 60% N2 
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3.1.2. Performed analyses 
At the beginning of the experiment (day 0), pH was determined for three 
homogenised samples of salmon and cod filets, respectively (see section 3.5.5 regarding 
pH analysis). 
Microbiological and sensory analyses were carried out throughout the storage 




day of the experiment. Three samples (triplicates) of cod and 
salmon, respectively, were analysed at each sampling point. During sampling, the 
samples were kept on ice to avoid temperature abuse. The gas composition within the 
packages was determined for each sample (see section 3.5.1 regarding gas composition 
measurement) just prior to the sensory and microbiological analyses. 
Microbiological analysis 
Three samples of cod and salmon, respectively, were analysed by 
microbiological methods at each sampling point (day 0, 7 and 14). A deeper description 
of microbiological methods and applied media is available in section 3.6 and 3.6.1, 
respectively. 
Total viable aerobic counts and LAB were determined on LH and NAP agar, 
respectively (Table 3.3).  























5-10% CO2 and 90-95% N2 
 
For each sample, three appropriate dilutions were used to inoculate the two 




 day, the dilutions were decided on the basis of enumeration 
of plates from previous samplings and on the basis of cell concentration estimated by 
direct phase contrast microscopy. The 10
-1 
dilution was used for microscope 
examination and cell concentration was calculated assuming that one cell per field of 
vision corresponded to 10
6




3.1.3. Sensory analysis 
Sensory analysis was performed at every sampling point (days 0, 7, 14), just 
prior to the microbiological analysis, for three samples of salmon and cod filets, 
respectively. Smell/odour and appearance of salmon and cod filets were evaluated by a 
simple three-class sensory method. The sensory panel consisted of 2 panellists. For the 
samplings at 7 and 14 days, one frozen filet of salmon and cod, respectively, was 
thawed at 5 °C overnight in order to compare the samples with fresh filets and to 
facilitate the panellists in evaluating. A scale with three categories was used. Class 1 
correspond to acceptable level, without obvious changes in appearance and/or 
smell/odour; class 2 correspond to slight changes in appearance and/or smell/odour, but 
still acceptable; class 3: correspond to unacceptable level due to clear changes in 
appearance and/or smell/odour (e.g. fishy smell, sour). 
3.2. Adjustment of pH for salmon and cod filets 
Three experiments were carried out to determine how to adjust the pH of the 
samples for the challenge test I. Different organic acids at several concentrations were 
tested to obtain a pH close to 6.0 in minced salmon and cod filets, in order to represent a 
typical pH level of lightly preserved seafood. 
Stock solutions of organic acids were prepared. The needed amount of organic 
acid was weighted and dissolved in deionised water. Solutions were placed on a 
magnetic stirrer for at least 30 minutes to allow the organic acids to be thoroughly 
dissolved. Stock solutions of organic acids were kept in bottles at 5 °C. 
Frozen salmon and cod filets were thawed overnight at 10°C. Thawed filets were 
minced using a blender. Subsequently, organic acids were added to minced salmon and 
cod filets distributed in plastic bags. Following the addition of organic acids, the 
samples were thoroughly tumbled to ensure an even distribution of the solutions.  
3.2.1. First experiment: acetic, benzoic and sorbic acids 
In the first experiment acetic, benzoic and sorbic acids were added to minced 
salmon and cod filets at different concentrations, resulting in 30 different treatments 
(2 x 15 samples) (see Table 3.4). Acetic acid was tested at concentrations ranging from 
0.0 to 0.20% (w/w), whereas benzoic and sorbic acids from 0.0 to 0.10% (w/w). 
46 
 
The following stock solutions of organic acids were prepared: 
• 27.6% (w/w) sodium-acetate solution: 27.6 g of sodium-acetate (Macco Organiques) 
dissolved in 100 ml of deionized water (20.0% acetate solution) 
•11.9% (w/w) sodium-benzoate solution: 11.9 g of sodium-benzoate (SFK Food) 
dissolved in 100 ml of deionized water (10.0% benzoate solution) 
• 13.4% (w/w) potassium-sorbate solution: 13.4 g of potassium-sorbate (SFK Food) 
dissolved in 100 ml of deionized water (10.0% sorbate solution) 
Approximately 2 kg of salmon and cod filets, respectively, were thawed and 
subsequently minced. Organic acids were added to minced salmon and cod filets as 
described in Tables 3.4 and 3.5. Initially, sodium-acetate was added to 3 x 500 g of 
minced salmon and cod filets to obtain concentrations of 0.0, 0.10 and 0.20% (w/w) 
acetic acid, respectively (Table 3.5, Code S1-S15 and Code C1-C15). At this point, each 
portion of 500 g was divided into 5 portions of approximately 100 g, and sodium-
benzoate and potassium-sorbate were added as described in Tables 3.4 and 3.5.  
Table 3.4 Experimental plan: 30 treatments including acetic, benzoic and sorbic acids added to minced salmon 
and cod filets 
 
Prepared samples of minced salmon and cod filets were stored at 5 °C for 
approximately 20-24 hours in order to reach the equilibrium pH.  























S1 0 0 0 C1 0 0 0 
S2 0 0.10 0 C2 0 0.10 0 
S3 0 0 0.10 C3 0 0 0.10 
S4 0 0.05 0.05 C4 0 0.05 0.05 
S5 0 0.10 0.10 C5 0 0.10 0.10 
S6 0.10 0 0 C6 0.10 0 0 
S7 0.10 0.10 0 C7 0.10 0.10 0 
S8 0.10 0 0.10 C8 0.10 0 0.10 
S9 0.10 0.05 0.05 C9 0.10 0.05 0.05 
S10 0.10 0.10 0.10 C10 0.10 0.10 0.10 
S11 0.20 0 0 C11 0.20 0 0 
S12 0.20 0.10 0 C12 0.20 0.10 0 
S13 0.20 0 0.10 C13 0.20 0 0.10 
S14 0.20 0.05 0.05 C14 0.20 0.05 0.05 
S15 0.20 0.10 0.10 C15 0.20 0.10 0.10 
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For each of the 30 treatments of minced salmon and cod filets, pH was 
determined for three samples of approximately 5 g as described in section 3.5.5.  






















S4 100 500 500 










S9 100 500 500 










S14 100 500 500 
S15 100 1000 1000 

















C4 100 500 500 










C9 100 500 500 










C14 100 500 500 
C15 100 1000 1000 
3.2.2. Second experiment: citric and lactic acids 
Given that in the first experiment the desired pH was not obtained using acetic, 
benzoic and sorbic acids, citric and lactic acids were tested in the second experiment. 
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Citric acid was added to minced salmon and cod filets at concentrations of 0.15 to 
0.60% (w/w) and lactic acid at 0.25 to 1.00% (w/w), for a total of 16 different 
treatments (2 x 8 samples) (Table 3.6).  
Table 3.6 Experimental plan: 16 treatments including citric and lactic acids added to minced salmon and cod 
filets 
 
The following stock solutions of organic acids were used: 
• 60.0% (w/w) citric acid solution: 60.0 g of citric acid (Jungbunzlauer) dissolved in 100 
ml of deionized water 
•80% lactic acid solution (ready-made commercial solution supplied and used by Royal 
Greenland). 
Approximately 1 kg of salmon and cod filets, respectively, was thawed and 
subsequently minced. Organic acids were added to minced salmon and cod fillets as 
described in Tables 3.6 and 3.7. Citric acid was added to 4 x 75 g of minced salmon and 
cod filets, respectively, to obtain concentrations of 0.15, 0.30, 0.45, 0.60% (w/w). 
Lactic acid was added to 4 x 75 g of minced salmon and cod filets, respectively, to 
obtain concentrations of 0.25, 0.50, 0.75, 1.00% (w/w). 
Prepared samples of minced salmon and cod filets were stored at 5°C for 7-8 
hours in order to reach the equilibrium pH.  
For each of the 16 treatments of minced salmon and cod filets, pH was 
















S16 0 0.25 C16 0 0.25 
S17 0 0.50 C17 0 0.50 
S18 0 0.75 C18 0 0.75 
S19 0 1.00 C19 0 1.00 
S20 0.15 0 C20 0.15 0 
S21 0.30 0 C21 0.30 0 
S22 0.45 0 C22 0.45 0 
S23 0.60 0 C23 0.60 0 
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Table 3.7 Addition of lactic acid and citric acid solutions to minced salmon and cod filets 
Product Code Product Code 
Product 
(g) 







C16 75 235  
S17 C17 75 469  
S18 C18 75 705  
S19 C19 75 938  
S20 C20 75  188 
S21 C21 75  375 
S22 C22 75  563 
S23 C23 75  750 
 
3.2.3. Third experiment: lactic acid 
Since lactic acid was the organic acid that affected the pH of minced salmon and 
cod filets mostly, in the third experiment only this organic acid was used. 
Concentrations from 0.0 to 0.25% (w/w) were tested, resulting in 10 different treatments 
(2 x 5 samples) (see Table 3.8). A ready-made commercial 80% lactic acid solution 
(supplied and used by Royal Greenland) was used as stock solution. 
Approximately 1 kg of salmon and cod filets, respectively, was thawed and 
subsequently minced. 
Lactic acid was added to 5 x 100 g of minced salmon and cod filets, 
respectively, to obtain concentrations of 0, 0.10, 0.15, 0.20, 0.25% (w/w) (Tables 3.8 
and 3.9).  
Prepared samples of minced salmon and cod filets were stored at 5 °C for 20-24 
hours in order to reach the equilibrium pH.  
For each of the 10 treatments of minced salmon and cod filets, pH was 
determined for three samples of approximately 5 g as described in section 3.5.5.  












S25 0.10 C25 0.10 
S26 0.15 C26 0.15 
S27 0.20 C27 0.20 
S28 0.25 C28 0.25 
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Table 3.9 Addition of lactic acid solution to minced salmon and cod filets 
Product Code 










S25 125 C25 125 
S26 188 C26 188 
S27 251 C27 251 
S28 313 C28 313 
3.3. Challenge test I 
The challenge test I was performed on a total of 6 treatments based on minced 
salmon and cod filets (Tables 3.10 and 3.11). Different combinations of benzoic, sorbic 
and lactic acids were added to minced salmon and cod filets with and without extra fish 
oil. The samples were inoculated with a defined concentration of Listeria 
monocytogenes and Lactobacillus sakei. The products were packed in modified 
atmosphere (40% CO2 and 60% N2) and stored at 7°C for four weeks (Table 3.11). At 
regular intervals during the storage period, samples were analyzed by microbiological 
methods to determine the concentration of L. monocytogenes, LAB and total aerobic 
viable counts. In addition, a thorough product characterisation (i.e. dry matter, pH, 
NaCl, organic acids and lipid concentrations) was carried out for all treatments in order 
to be able to compare observed and predicted growth of L. monocytogenes and LAB 
using existing predictive models.  
Table 3.10 Treatments used in challenge test I 
Product Code 
Treatment 









S1 0.10 - - - 
L. monocytogenes 
and LAB 
S2 0.10 0.10 0.10 - 
L. monocytogenes 
and LAB 




C1 0.20 - - - 
L. monocytogenes 
and LAB 
C2 0.20 0.10 0.10 - 
L. monocytogenes 
and LAB 



































































 Modified atmosphere packaging initially containing 40% CO2 and 60% N2 
b 
Three samples for each treatment were not inoculated and were analyzed by chemical methods at day 0 
3.3.1. Samples preparation 
Approximately 5.5 kg of frozen salmon and cod filets, respectively, were thawed 
at 5°C for 3 days. The needed amount was calculated considering the weight loss during 
the thawing process. 
1. Two days before starting the experiment 
Thawed filets were minced in a blender. Before mincing, the knife and the bowl 
of the blender were cleaned thoroughly using a detergent and, subsequently, 70% (v/v) 
ethanol. The cleaning procedure was repeated between the mincing of the two types of 
fish. During sample preparation, the minced fish was kept on ice to avoid temperature 
abuse. 
Minced salmon (code S) and cod (code C) filets were transferred to 2 plastic 
bags, respectively. 
Addition of lactic acid  
80% lactic acid solution was added to minced salmon (S) and cod (C) filets in 
order to obtain concentrations of 0.10% (w/w) lactic acid in salmon and cod samples. 
The needed volume of 80% lactic acid solution (ready-made commercial solution 
supplied and used by  oyal  reenland) was calculated using Equation 5, where “l” was 
the desired percentage of lactic acid in the final samples. 
                   
                 
               
    Eqn. 5 
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In order to ensure an appropriate distribution of the organic acid, the needed 
volume of 80% lactic acid was added to the minced fish as four portions, and after each 
addition the fish was tumbled thoroughly. Minced salmon and cod filets with added 
lactic acid were placed at 1-2 °C for approximately 24 hours to allow distribution of the 
organic acid.  
2. One day before starting the experiment 
The day after, the pH of minced salmon (S) and cod (C) samples was measured. 
The required pH of S and C was close to 6.0 in order to represent a typical pH level of 
lightly preserved seafood. Since the measured pH of C was too high (6.32 ± 0.01) it was 
decided to add one more 0.10% lactic acid to minced cod sample in order to reach 
approx. pH 6.0. Hence, the final lactic acid concentration in minced cod sample was 
0.20% (w/w), whereas in minced salmon it was 0.10% (w/w). 
Minced salmon (code S) and cod (code C) filets with added lactic acid were 
transferred to 6 plastic bags corresponding to each of the treatments: S1, S2, S3, C1, C2 
and C3 (Table 3.10). A minimum of 1500 g of minced fish was prepared for each of the 
treatments.  
3.  Start of the experiment (day 0) 
Addition of fish oil 
10% (w/w) fish oil (Maritex AS, Norway, product No 43-10) was added to 
treatments S3 and C3 and, following the addition, the minced fish was tumbled 
thoroughly. 
Addition of benzoic and sorbic acids 
Benzoic and sorbic acids were added to a concentration of 0.10% (w/w) (code 
S2, S3, C2 and C3) using stock solutions of 11.9% (w/v) sodium-benzoate (SFK Food) 
and 13.4% (w/v) potassium-sorbate (SFK Food), respectively (Equations 6 and 7). 
Stock solutions were prepared as described in section 3.2. The needed volumes of 
sodium-benzoate and potassium-sorbate solutions were added to the minced fish as 4 
portions and between each addition the fish was tumbled thoroughly. For treatments S3 
and C3 the weight of minced salmon and cod filets after the addition of fish oil was 




                         
                                               
                                   
  Eqn. 6 
 
                           
                                               
                                     
  Eqn. 7 
3.3.2. Cultures for inoculum 
The samples of minced fish (S1, S2, S3, C1, C2, C3) in challenge test I were 
inoculated with an inoculum consisting of four strains of L. monocytogenes and four 
strains of Lb. sakei. All these strains, stored at -80°C in a glycerol-containing medium, 
came from the culture collection at the National Food Institute (DTU Food), Technical 
University of Denmark. 
The strains of L. monocytogenes were previously isolated from cold-smoked 
salmon, cooked and peeled shrimp, surimi in brine, and seafood salad (Jørgensen and 
Huss, 1998; Giménez and Dalgaard, 2004). 
Listeria monocytogenes 94-203D 
Listeria monocytogenes 95-54A 
Listeria monocytogenes 95-442A 
Listeria monocytogenes 94-167B 
 
The strains of Lb. sakei were previously isolated from brined and drained MAP 
shrimp and cold-smoked Greenland halibut (Mejlholm and Dalgaard, 2007b). 
Lactobacillus sakei LA-5 
Lactobacillus sakei A1 
Lactobacillus sakei MAP23-1 
Lactobacillus sakei F46-4 
3.3.3. Inoculum preparation and inoculation 
The 8 cultures were cultivated and diluted in order to reach desired initial cell 
levels within the samples, which were 1 x 10
3
 cfu/g for L. monocytogenes and 1 x 10
1
 





1. Five days before starting the experiment 
The 8 strains were sub-cultured individually from storage at – 80°C to tubes 
with 10 ml of BHI broth for L. monocytogenes or APT broth for Lb. sakei, at 25°C for 
24 hours.  
2. Four days before starting the experiment 
The strains were pre-cultured individually at 5 °C by transferring 500 µl of each 
culture to 10 ml of chilled (5°C) BHI broth with adjusted pH and NaCl (pH 6.0 and 
2.0% NaCl) (L. monocytogenes), or APT broth with adjusted pH and NaCl (pH 6.0 and 
2.0% NaCl) (Lb. sakei) in order to adapt the strains to the experimental conditions. The 
initial absorbance (540 nm) was measured immediately using a Novaspec II 
spectrophotometer (Pharmacia Biotech, Allerød, Denmark) for each of the 8 tubes. Air 
was used as blank. Subsequently, the tubes were incubated aerobically at 5 °C. The 
absorbance (540 nm) of the tubes was measured at regular intervals to monitor the 
growth of the cultures. 
3. Three days before starting the experiment 
All isolates were re-inoculated when they were in late exponential growth phase, 
defined as a relative change in absorbance of > 0.05 at 540 nm. 10, 100 and 1000 μl of 
each culture were transferred to chilled (5 °C) BHI broth (pH 6.0 and 2.0% NaCl) 
(L. monocytogenes) or APT broth (pH 6.0 and 2.0% NaCl) (Lb. sakei), after which the 
start absorbance (540 nm) was measured for each of the 24 tubes. Subsequently, the 
tubes were incubated aerobically at 5 °C and the absorbance (540 nm) was measured 
throughout time. Three tubes (10, 100 and 1000 μl) were prepared in order to ensure 
that at least one culture (one for each isolate) was ready for the start of the experiment. 
After 3 days, 8 tubes (one for each isolate) were chosen in late exponential growth 
phase (increase in absorbance of > 0.05 at 540 nm) for preparing the inoculum for the 
challenge test. 
4. Start of the experiment (day 0) 
At the start of the challenge test, the 8 chosen tubes were placed on ice. An 
inoculum for L. monocytogenes (Lm-mix 1) and one for Lb. sakei (LAB-mix 1) was 
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prepared by transferring a known volume of the isolates to two empty and sterile test 
tubes. The transferred volume depended on the relative change in absorbance for the 
individual isolates. As an example, 1 ml of culture was transferred for a relative change 
in absorbance of 0.1, whereas 2 ml of culture was transferred for a relative change in 
absorbance of 0.05. The cell concentration (cfu/ml) of the inoculums was determined by 
direct phase contrast microscopy and was calculated assuming that one cell per field of 
vision corresponded to ~10
6
 cfu/ml. The average number from 10 randomly selected 
fields of vision was used. Subsequently, using 0.85% NaCl (w/v) solution, Lm-mix 1 
was diluted to a cell density of 2 x 10
5
 cfu/ml (Lm-mix 2) and LAB-mix 1 was diluted 
to 2 x 10
3
 cfu/ml (LAB-mix 2). The final cell concentration of Lm-mix 2 and LAB-mix 
2 was determined in duplicate by plate counting on LH agar plates incubated at 25 °C 
for 3-5 days. Two serial dilutions were made in PSP for each inoculum and the 
following dilutions were plated: for Lm-mix 2, dilutions -3, -4 and -5, whereas, for 
LAB-mix 2, dilutions -1, -2 and -3.  
Samples of minced salmon and cod filets were inoculated with an inoculum 
(LmLAB-mix) consisting of equal volumes of Lm-mix 2 and LAB-mix 2. 
Before inoculation, approximately 150 g of minced fish filets were removed 
from each of the six treatments (S1, S2, S3, C1, C2 and C3) and distributed in 3 plastic 
bags (3 x 50 g). These samples were analysed by chemical methods at a later time and, 
thus, they were frozen immediately at -20°C. 
Subsequently, each of the treatments was inoculated with 1% (v/w) of LmLAB-
mix to obtain the desired inoculation levels. The inoculum was added as four portions of 
e.g. 0.25% (v/w) and between each addition the minced fish was tumbled thoroughly to 
obtain an even distribution of the bacteria. 
3.3.4. Packaging and storage of samples 
During inoculation and packaging samples were kept on ice to avoid temperature 
abuse. Minced salmon and cod filets (50 ± 2 g), differently treated, were placed in 
plastic trays and sealed in plastic bags with low gas permeability to O2 (O2 transmission 













(NEN 40 HOB/LLPDE 75, Amcor Flexibles). Samples were packed in modified 
atmosphere (MA) initially containing 40% CO2 and 60% N2 using a gas mixer (MAP 
mix 9000, PBI Dansensor, Ringsted, Denmark) and a Multivac A 300/16 packaging 
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machine (Multivac Ltd., Vejle, Denmark). The packaging machine was cleaned and 
checked before packing. At the beginning of the experiment the initial gas composition 
was analysed for two packages without fish (see section3.5.1). During packaging of the 
samples, the integrity of each pack was checked to ensure that no leakages would occur. 
Following packaging in MA, all inoculated samples were stored in an incubator at 7 °C 
for four weeks (Table 3.11).  
3.3.5. Product characteristics and storage conditions 
Storage temperatures were recorded continuously throughout the challenge test 
using two data loggers (TinytagPlus, Gemini Data Loggers Ltd.). 
The gas composition within the packages was measured at regular intervals 
throughout the storage period for each sample, just prior to the microbiological analysis.  
At the start of the challenge test (day 0), product characteristics of the six 
treatments (S1, S2, S3, C1, C2 and C3) were determined by analysing three samples 
(non-inoculated) for each treatments (3 x 6 samples). Only the analysis of lipid content 
was conducted on duplicate samples (2 x 6). Dry matter (%), lipid content (% ), organic 
acids content (ppm in the water phase), pH and salt content (% NaCl in the water phase) 
were determined by chemical methods as described in section 3.5. pH was determined 
once more at the end of the challenge test for each treatments. With the exception of 
organic acids (double extraction), single determination was carried out for the different 
chemical analyses for each sample.  
3.3.6. Microbiological analysis 
During storage, three packages for each treatment (S1, S2, S3, C1, C2 and C3) 
were removed at regular intervals from the incubator and the concentration of 
L. monocytogenes, LAB and total aerobic viable counts (Table 3.12) was determined at 
each time of sampling. Eight samplings for each of the 6 treatments were carried out (2 
samplings every week) (Table 3.11) and a total of 144 samples were analysed 
throughout the challenge test. For each sample, 3 or 4 appropriate dilutions were used to 
inoculate three types of media (Table 3.12). The dilutions were decided on the basis of 
the known initial inoculum level at day 0, and at following sampling days, on the basis 
of enumeration of plates from previous samplings and on the basis of predicted growth 
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using existing predictive models. At the beginning of the challenge test (day 0), only 
samples from treatment S1 and C1 were analysed. 
Table 3.12 Overview of bacteria group enumerated in challenge test I, utilized media and incubation 
conditions 








Total aerobic viable 
counts 
Spread 5-7 15 Aerobic 
NAP agar 
Lactic acid bacteria 
(LAB) 
Pour 5 25 Microaerophilic a 
PALCAM 
agar 
L. monocytogenes Spread 2 37 Aerobic 
a 
5-10% CO2 and 90-95% N2 
3.4. Challenge test II 
The challenge test II was performed on 4 different treatments consisting of 
mayonnaise-based shrimp salad (SS1, SS2, SS3 and SS4) (Tables 3.13 and 3.14). 
Brined and drained shrimp and commercial mayonnaise with a low (9%) and a high 
(80%) lipid content, respectively, were mixed at two different ratios. The samples were 
inoculated with a defined concentration of L. monocytogenes and Lb. sakei. The 
products were packed in modified atmosphere (40% CO2 and 60% N2) and stored at 
12°C for three weeks (Table 3.14).  




Ratio between mayonnaise 







































Throughout the storage period, samples were analyzed by microbiological 
methods to determine the concentration of L. monocytogenes, LAB and total aerobic 
viable counts. In addition, product characteristics of the shrimp salad (i.e. dry matter, 
pH, NaCl, organic acids and lipid concentrations) were determined for all treatments in 
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order to be able to compare observed and predicted growth of L. monocytogenes and 
LAB using existing predictive models. 
Two types of mayonnaise, real mayonnaise (80% lipids) and light mayonnaise 
(9% lipids), respectively, and brined shrimp were used to prepare the shrimp salad. 
The two types of mayonnaise (2 x 3 kg) were supplied to the National Food 
institute (DTU Food), Technical University of Denmark, by Graasten salads and were 
stored at 1-2 °C until the start of the experiment. Shrimp in brine (Pandalus borealis) 
from the North Atlantic Ocean were processed and supplied by a Danish seafood 
processing company (Royal Greenland Seafood A/S) and transported to DTU Food at 
chill temperatures. They were stored at 1-2 °C until the start of the experiment. The 
description of ingredients is based on labels as it was not possible to get access to 
recipes (see Table 3.14 which shows E-numbers corresponding to additives): 
•  eal mayonnaise (80% lipids): rapeseed oil 80%, water, egg yolk 6%, acidity 
regulators (E270, E 262, E296), tarragon vinegar, salt, preservatives (E202, E211), 
thickeners (E412, E415) 
• Light mayonnaise (9% lipids): water, rapeseed oil 9%, tarragon vinegar, 
skimmed milk powder, sugar, egg yolk, mustard, salt, thickeners (modified starch, 
E412, E415), acidity regulators (E270, E 262, E296), preservatives (E211, E202). 
• Brined shrimp: shrimp (Pandalus borealis), water, salt, acidity regulators 
(E330, E262), preservatives (E211, E202), sweetener (E954). 
Table 3.14 Additives in products used in the challenge test II and their E-numbers 
E-numbers Food additive 
E202 Potassium sorbate 
E211 Sodium benzoate 
E262 Sodium acetate 
E270 Lactic acid 
E296 Malic acid 
E330 Citric acid 
E412 Guar gum 
E415 Xanthan gum 

























































 Modified atmosphere packaging initially containing 40% CO2 and 60% N2 
b 
Three non-inoculated samples for each treatment were analyzed by chemical methods at day 0 
3.4.1. Samples preparation 
Brined shrimps (5.4 kg) were drained thoroughly for 20-30 minutes using a 
sieve. Every tools used during sample preparation was previously cleaned with a 
detergent and, subsequently, 70% (v/v) ethanol. During sample preparation the products 
were kept on ice to avoid temperature abuse. Brined and drained shrimp were divided 
and transferred in 4 plastic bags, placed in plastic buckets, corresponding to each of the 
treatments (SS1, SS2, SS3 and SS4). Real mayonnaise was added to treatments SS1 and 
SS2 and light mayonnaise to treatment SS3 and SS4 in order to get a 
mayonnaise/shrimp ratio according with Table 3.13. Brined and drained shrimp with 
mayonnaise were tumble thoroughly to ensure an even distribution of the ingredients. 
Shrimp salad was stored for 2 days at 1-2 °C in order to allow an appropriate 
distribution of e.g. organic acids and salt, and to equilibrate pH between the two 
fractions (i.e. mayonnaise and shrimp). 
3.4.2. Inoculum preparation and inoculation 
The four different mayonnaise-based shrimp salads (SS1, SS2, SS3 and SS4) 
were inoculated with an inoculum consisting of four strains of L. monocytogenes (94-
203D, 95-54A, 95-442A and 94-167B) and four strains of Lb. sakei (LA-5, A1, 
MAP23-1 and F46-4) previously utilised in challenge test I (see section 3.3.2). The 
inoculum was prepared using the same procedure as in challenge test I in order to obtain 
an initial cell level within the samples of 1 x 10
3
 cfu/g and 1 x 10
1
 cfu/g for 
L. monocytogenes and Lb. sakei, respectively (see section 3.3.3). 
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Before inoculation, approximately 150 g of mayonnaise-based shrimp salad 
were removed from each of the four treatments (SS1, SS2, SS3 and SS4) and distributed 
in 3 plastic bags (3 x 50 g). These samples were analysed by chemical methods at a later 
time and, thus, they were immediately frozen at -20°C. 
3.4.3. Packaging and storage of samples 
Shrimp salad (50 ± 2 g) was packed in modified atmosphere initially containing 
40% CO2 and 60% N2 using the same packaging materials and machines as in challenge 
test I (see section 3.3.4). MAP shrimp salads were stored in an incubator at 12°C for up 
to three weeks (Table 3.14).  
3.4.4. Product characteristics and storage conditions 
Storage temperatures were recorded continuously throughout the challenge test 
using two data loggers (TinytagPlus, Gemini Data Loggers Ltd.). 
The gas composition within the packages was measured at regular interval 
throughout the storage period for each sample, just prior to the microbiological analysis.  
At the start of the challenge test (day 0), product characteristics were determined 
for each of the four treatments (SS1, SS2, SS3 and SS4) by analysing three non-
inoculated samples for each treatment (3 x 4 samples). Only the analysis of lipid content 
was conducted on duplicate samples (2 x 4 samples). Dry matter (%), lipid content (%), 
organic acids content (ppm in the water phase), pH and salt content (% NaCl in the 
water phase) were determined by chemical methods as described in section 3.5. On the 
basis of the shrimp salads pH, the storage temperature throughout the challenge test was 
decided. Single determination was carried out for the different chemical analyses for 
each sample with the exception of organic acids, for which double extraction was 
carried out. Furthermore, the pH of the three main ingredients (i.e. brined and drained 
shrimp, real mayonnaise and light mayonnaise) was determined by analysing two 
samples for each of the ingredients. 
3.4.5. Microbiological analysis 
During storage, three packages for each treatment (S1, S2, S3, C1, C2 and C3) 
were removed at regular intervals from the incubator and the concentration of 
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L. monocytogenes, LAB and total aerobic viable counts (Table 3.16) was determined at 
each time of sampling. Nine samplings for treatment SS1 and 8 samplings for 
treatments SS2, SS3 and SS4 were carried out (Table 3.14) and a total of 99 samples 
were analysed throughout the challenge test. Three or 4 appropriate dilutions were used 
to inoculate the three media (Table 3.16) for each sample. The dilutions were decided 
on the basis of the known initial inoculum level at day 0, and at following sampling 
days, on the basis of enumeration of plates from previous samplings and on the basis of 
predicted growth using existing predictive models. At the beginning of the challenge 
test (day 0), only samples from treatment SS1 and SS3 were analysed. At 5
th 
day, all 
treatments were analysed with the exception of SS3 within which microbial growth was 
supposed to be slower due to the lower pH. 
Table 3.16 Overview of bacteria group enumerated in challenge test II, utilized media and incubation 
conditions 








Total aerobic viable 
counts 
Spread 5-7 15 Aerobic 
NAP agar 
Lactic acid bacteria 
(LAB) 
Pour 5 25 Microaerophilic a 
PALCAM 
agar 
L. monocytogenes Spread 2 37 Aerobic 
a 
5-10% CO2 and 90-95% N2 
3.5. Chemical analyses 
3.5.1. Gas composition 
The gas composition of the headspace of MAP products used in the experiments 
was measured using a gas analyzer (Combi Check 9800-1, PBI Dansensor). This was 
done at every sampling for each sample. The instrument measured the concentration of 
O2, CO2 and the remaining gas, assumed to be N2. 
3.5.2. Dry matter 
The dry matter of the sample was determined as the residual weight after 
evaporation of water content in an oven for 20-24 hours.  
Before analysis a beaker was dried for at least 1 hour at 105°C. 2.00 g of 
homogenised sample was transferred into the dried beaker (allowed to cool down in a 
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desiccator) and it was placed at 102-105°C for 20-24 hours. The weight of the empty 
beaker, the beaker with wet sample and the beaker with dried sample was noted. 
Percentage of dry matter was determined according to the following equation:  
 
            
                               
                       
   Eqn. 8 
3.5.3. Lipid 
The lipid content was determined using an extraction method for analysis of 
lipid-soluble compounds including neutral lipids, polar lipids and free fatty acids from 
fish, fish products and products containing fish oil. 
The lipid content was extracted with a homogeneous mixture of chloroform 
(CHCl3), methanol (CH3OH) and water and the analysis was performed in duplicate. 
Before extraction, a beaker was dried at 105°C for 30 minutes, cooled down in a 
desiccator and weighted. Fifteen g (lipid content expected to be <5%), 10 g (lipid 
content expected to be >5%) or 5 g (lipid content expected to be >50%) of sample were 
weighted in a centrifuge tube and 0, 5 or 10 ml of water, respectively, were added. 
Under a fume hood, 30 ml of methanol were added and the centrifuge tube was closed 
with a screw lid and placed in an ice-bath. Subsequently, 15 ml of chloroform for two 
times and 15 ml of water were added in sequence to the cooled sample and, after each 
addition, the solution was mixed at 15,000 rpm for 30 seconds (Ultra Turrax, IKA, 
Germany). The tube was closed and centrifuged using a refrigerated centrifuge (18°C) 
at 2800 rpm, for 10 minutes (Sigma 4K15). Thus, the phase separation was achieved 
with a chloroform/oil phase on the bottom and methanol/water phase on the top of the 
centrifuge tube. The methanol/water phase was drawn by vacuum suction and the 
extract was filtered (Phase separating filter paper, Advantec 2S, 150 mm, Frisenette, 
Denmark) in a flask. 8-9 g of extract was transferred to a dried and cooled beaker and 
the exact weight was noted. The beaker was placed in a fume cupboard and the 
chloroform was allowed to evaporate overnight. The beaker was dried at 105°C for 1-2 
hours, cooled in a desiccator and weighted. The lipid content of the extract was 
determined gravimetrically after evaporation of the chloroform and% lipid was 




        
                  
                                 
    Eqn. 9 
 
where:  lipid (g) = lipid extract after chloroform evaporation in beaker (g) - empty beaker (g) 
extract (g) = lipid extract before chloroform evaporation (g) 
3.5.4. Organic acids 
The concentration of organic acids was determined by High Performance Liquid 
Chromatography (HPLC) analysis (HP 1100 series, USA).  
Homogenised sample (5.0 g) was extracted by addition of 20 ml of ice-cold 
0.6 M perchloric acid and further homogenisation (Ultra Turrax, IKA, Germany) for 
1 minute in a centrifuge tube. The sample was neutralised by carefully adding, to avoid 
excessive foam formation, 2.5 M KHCO3 until reaching a pH value of 6.2-6.8 and 
subsequently kept on ice for 1 hour. The solution was transferred quantitatively to a 
50 ml volumetric flask and the centrifuge tube was rinsed using ion-exchanged water 
(3 x 3 ml). Water was added to the flask until a total volume of 50 ml was reached. 
Afterwards the sample was filtered and transferred into an Erlenmeyer flask. The first 
approx. 30 ml of filtrate was sufficient for further analysis. After filtration the samples 
were frozen in plastic containers at -20°C. Before HPLC analysis, the extracts were 
thawed and subsequently filtered again using a 0.20 μm sterile filter (Minisart, 
Sartorius) and 1 ml was transferred to HPLC vials. 
The extracted samples were analysed on HPLC (Hewlett Packard 1100 series, 
USA) using a method for analysis of organic acids and carbohydrates in samples from 
fish and microbiological cultures. The mobile-phase (eluent) consisted of 0.008 M 
H2SO4 (95-97% Sulfuric acid, Merck, Germany). The organic acids were separated 
using a HPLC column of 300 x 7.8 mm (Aminex BIORAD HPX-87H, BioRad, USA). 
Before use, the eluent was filtered through a 0.45 μm filter. External standards were 
used for the identification and quantification of the organic acids. The standard 
solutions used in the HPLC to recover organic acids were acetic acid (Sigma 
ALDRICH), benzoic acid (Sigma B3420), citric acid (Sigma C0909), lactic acid (Sigma 
L1750) and sorbic acid (Sigma S7420). All standard solutions were prepared at two 
concentrations and 15μl, 30μl and 45μl solution of each concentration were analysed. 
For each organic acid a standard curve was made and concentrations in the product 
were determined from these curves. Finally, the percentage of organic acids in the water 
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phase of the product was determined considering the percentage of dry matter of the 
sample in the dilution factor (f), calculated using the following equation: 
  
                                  
   
                    
                
  Eqn. 10 
3.5.5. pH 
The pH was measured in 5g of homogenised sample dissolved in 20 ml 
deionized water. When necessary, samples were homogenised using a blender. The 
samples were stirred during at least 10 minutes. The pH was measured using PHM 250 
Ion Analyzer (Radiometer, Copenhagen, Denmark) and during measuring the samples 
were continuously stirred. 
3.5.6. Salt 
Salt content was determined by an automated potentiometric titration method 
which measured the amount of chloride in the sample. Chloride-ions precipitate 
following addition of silver nitrate (AgNO3) in an acidic environment (HNO3), until a 
surplus of Ag-ions (Ag
+
) was present. Detection of equivalence (i.e. all the chloride-
ions are bound to Ag
+
) was done potentiometric by measuring a fall in mV with an 






 → AgCl↓ + Ag+ 
 
2.00 g of homogenised sample (0.2-2.0% NaCl expected in the sample) was 
weighed into a 100 ml beaker. 50 ml of ion-exchanged water and 1 ml 1M HNO3 was 
added to the beaker. The sample was stirred thoroughly on a magnet stirrer for 
3 minutes. The electrode was placed in the stirred sample and the titration with 0.1 M 
AgNO3 was initiated. The volume of AgNO3 used at the equivalence point and % NaCl 
was recorded.  
Percentage of NaCl related to the sample weight was calculated using Eqn. 11:  
 
      
                                 
                         




The water phase salt (% WPS) was then calculated using Eqn. 12: 
 
     
     
                      
       Eqn. 12 
3.6. Microbiological analysis 
During sampling, the samples were kept on ice to avoid microbial growth. For 
each sample, approx. 20 g of product were weighed in a sterile Stomacher bag with 
filter (BagPage® filter-bag, InterScience, France). When necessary, the products were 
sterile cut using a scalpel before being transferred into stomacher bags. Approximately 
180 ml of chilled (5°C) sterile Physiological Saline Peptone (PSP) were added to obtain 
a 10-fold dilution (10
1
). Samples were homogenised for 60 s in a Stomacher 400 
(Seward Medical, London, UK). After homogenisation the bags were kept on ice to 
avoid microbial growth. Appropriate serial decimal dilutions of the homogenised 
samples were made in chilled (5°C) PSP-tubes kept on ice. Subsequently, spread or 
pour plating was performed. 
For spread plating, 0.1 ml of diluted sample was transferred to agar plates. The 
10
1
 dilution was made by transferring 2 x 0.5 ml of sample from the Stomacher bag to 
two agar plates. Samples were distributed using a Drigalski spatula.  
For pour plating, 1.0 ml of diluted sample was transferred to empty sterile Petri-
dishes and covered with ca. 15 ml of melted and temperate agar (45 °C). The samples 
were gentle mixed and let to dry before incubation. 
3.6.1. Media 
All Purpose Tween (APT) agar (Difco 265430)/broth (Difco 265510) 
APT medium is used for enumeration and cultivation of heterofermentative 
lactic acid bacteria including Lactobacilli and other microorganisms that require a high 
level of thiamine (http://www.bd.com/). 
The powder was weighed according to the manufacturer’s instruction. For APT 
agar the ingredients were dissolved by heating and boiling, whereas, for APT broth 
ingredients were dissolved by gentle heating or stirring thoroughly. pH in the cooled 
medium was adjusted in order to obtain pH 6.7 ± 0.2 at 20-25 °C. The medium was 
distributed in the final containers and sterilized by autoclaving at 121°C for 15 minutes. 
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APT agar/broth composition 
Tryptone 12.5 g  
Yeast extract 7.5 g  
Dextrose 10.0 g  
Sodium citrate 5.0 g  
Thiamine hydrochloride 1 mg  
Dipotassium phosphate 5.0 g  
Manganese chloride 0.14 g  
Magnesium sulfate 0.8 g  
Ferrous sulphate 0.04 g  
Tween 80  0.2 g 
NaCl  5.0 g  
Agar
1
 12 g 
Distilled water 1000 ml  
1
Agar is not added for APT broth 
 
APT broth with pH 6.0 and 2.0% NaCl was made by adding 1.50% (w/v) NaCl 
to APT broth with 0.50% (w/v) NaCl and subsequently pH in the cooled medium 
(45°C) was adjusted using HCl/NaOH. 
 
Brain Heart Infusion (BHI) broth (Oxoid CM0225)  
BHI broth is an enriched non-selective medium used for isolation and cultivation 
of a wide variety of organisms including most anaerobic bacteria and other fastidious 
microorganisms (Oxoid manual, 2006).  
BHI broth composition 
Calf brain infusion solids 12.5 g 
Beef heart infusion solids 5.0 g 
Proteose peptone 10.0 g 
Glucose 2.0 g 
Sodium chloride 5.0 g 
Disodium phosphate 2.5 g 
Distilled water 1000 ml 
 
The powder was weighed according to the manufacturer’s instruction and 
dissolved in distilled water by stirring thoroughly. The medium was distributed in the 
final containers and sterilized by autoclaving at 121°C for 15 minutes. The pH of the 
medium was 7.4 ± 0.2 (Oxoid manual, 2006). 
BHI broth with pH 6.0 and 2.0% NaCl was made by adding 1.50% (w/v) NaCl 
to BHI broth which already contained 0.50% (w/v) NaCl, and subsequently pH in the 
cooled medium (45°C) was adjusted using HCl/NaOH. 
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Long & Hammer (LH) agar 
LH agar is used for determination of total viable counts (aerobic plate counts) in 
fresh and lightly preserved seafood. LH agar allows detection of psychrotolerant and 
heat labile microorganisms, including Photobacterium phosphoreum (NMLK, 2006) 
(Van Spreekens, 1974). 
LH agar composition 
Proteose-peptone no. 2 (Difco 0121-17-5) or equivalent
1
 20.0 g 
Gelatine (Merck 1.04070) 40.0 g 
Potassium phosphate (K2HPO4) (Merck 5104.1000) 1.0 g 
NaCl 10.0 g 
Agar 15.0 g 
Distilled water  1000 ml 
Supplement: 10% (w/v) Fe(III)NH4citrate solution 2.5 ml 
Supplement composition 
Fe(III)NH4citrate 1.0 g 
Distilled water  10 ml 
1
For the present study Bacto tryptone (Difco 211705) was used 
 
The ingredients were weighed and dissolved by heating and boiling. pH in the 
cooled medium (45°C) was adjusted to 7.0 ± 0.2. The medium was sterilized by 
autoclaving at 121°C for 15 minutes. After autoclaving (or melting by heating) the 
medium was cooled to about 45 °C and added 2.5 ml/l of a 10% (w/v) Fe(III)NH4 citrate 
solution (Merck 3762). The final medium contained 0.025% Fe(III)NH4 citrate. The 
medium was finally poured into Petri dishes. 
Total viable counts was determined by spread plating on LH agar. Plates were 
incubated in aerobic conditions at 15 °C for 5-7 days.  
 
Nitrite Actidione Polymyxin (NAP) agar 
NAP agar is used for enumeration of lactic acid bacteria in food products 
(Davidson and Cronin, 1973). APT agar is supplemented with 12% sodium-nitrite, 0.2% 
actidione (Cycloheximide) and polymyxin B-solution (100000 I.U.). The three 
supplements inhibit Clostridium spp, yeast and moulds, and Gram negative 
microorganisms, respectively. Polymyxin B is an antibiotic, it inhibits Gram negative 
bacteria by binding to the cell membrane and disrupts its structure to make it more 
permeable. Osmotic pressures draws water into the cell, the membrane disrupts and the 
cell dies (http://www.oxoid.com/). Other Gram positive microorganisms can also grow 
on the media.  
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The stock solutions of the supplements were prepared by microfiltration using 
syringe filters.  
APT agar (see description above) was weighed according to the manufacturer’s 
instructions (Difco, 61.2 g/litre). The medium was dissolved by heating to a boil. pH in 
the cooled medium (45°C) was adjusted to pH 6.2 to decrease the possibility of false 
positives. Then the medium was dispensed into bottles (200 ml) followed by 
autoclaving at 121°C for 15 min. After autoclaving (or melting by heating) the medium 





Lactic acid bacteria were determined by pour plating in NAP agar with pH 6.2. 
Plates were incubated microaerophilic (5-10% CO2 and 90-95% N2) in anaerobic jars at 
25°C for 4-5 days.  
 
Palcam agar (Oxoid CM0877) 
Palcam agar composition 
Columbia Blood Agar Base 39.0 g 
Yeast extract 3.0 g 
Glucose 0.5 g 
Aesculin 0.8 g 
Ferric ammonium citrate 0.5 g 
Mannitol 10.0 g 
Phenol red 0.08 g 
Lithium chloride 15.0 g 
Distilled water 1000 ml 
Palcam Selective Supplement SR0150  
 
 
NAP agar composition 
APT agar (Difco 265430)
 1
 
 Supplement: 12% (w/v)Sodium-nitrite  0.6 g/l 
Supplement:0.2% (w/v) Actidione (Cycloheximide) 0.01 g/l 
Supplement: Polymyxin-B-sulfate 25.000 IU/l 
Supplements’ composition 
Sodium-nitrite 6.0 g 
Distilled water 50 ml 
Cycloheximide 0.10 g 
Distilled water 50 ml 
Polymyxin-solution 100.000 I.U 
Distilled water 4 ml 
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Palcam agar is a selective and differential medium for detection of Listeria 
monocytogenes from food. It is highly selective due to the presence of lithium chloride, 
ceftazidime, polymyxin B and acriflavine hydrochloride. It allows to easily differentiate 
L. monocytogenes because the microorganism hydrolyses aesculin resulting in the 
formation of a black halo around colonies, and does not ferment mannitol, which is 
fermented by contaminants such as enterococci and staphylococci. This formulation 
produces a change from red to yellow in the pH indicator phenol red allowing the 
differentiation (Oxoid manual, 2006). 
The powder was weighed according to the manufacturer’s instruction and 
dissolved in distilled water by gently boiling. The medium was sterilized by autoclaving 
at 121°C for 15 minutes. After autoclaving the medium was cooled to about 50 °C and 
the contents of one vial of Palcam Selective Supplement SR0150, reconstituted with 
2 ml of sterile distilled water, was aseptically added. The medium was mixed 
thoroughly and poured into sterile Petri dishes. The pH of the medium was 7.2 ± 0.2. 
L. monocytogenes was determined by spread plating on Palcam agar. Plates were 
incubated at 37 °C for 2 days. 
 
Physiological Saline Peptone (PSP) 
PSP composition 
Bacto-peptone (DIFCO 0118-17-0) 1.0 g 
NaCl 8.5 g 
Distilled water 1000 ml 
 
PSP was used for dilution of samples. The ingredients were weighted and 
dissolved by gentle heating or stirring thoroughly in ion-exchanged water. The solution 
was dispensed into the final containers and sterilised by autoclaving at 121°C for 
15 minutes. For the PSP-tubes used for serial decimal dilutions 9.1 ml were distributed 
into the tubes. After autoclaving the tubes contained approximately 9.0 ml due to 
evaporation. The media was cooled to 5 °C before use (NMLK, 2006). 
3.7. Data collection and evaluation of models performance 
Regarding microbiological analysis, enumeration of colony forming units (cfu) 
was made by plate counting at each sampling point, after incubation. Only plates with 
10 to 300 colonies were taken into account. The exact weight of sample and PSP was 
used to calculate the sample dilutions. If more than one plate, from a 10-fold dilution 
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series, was countable, then the average cfu/g number was calculated and transformed in 
Log (cfu/g). The mean of Log (cfu/g) counts for three determinations for each product 
code (triplicates) was used and plotted against time (days) of sampling. The time (days) 
was calculated taking into account the exact interval (hours and minutes) between each 
sampling point. Thus, growth curves for each type of microorganism enumerated on 
agar plates were obtained (i.e. total aerobic viable count, LAB, L. monocytogenes). 
The product characteristics (dry matter %, WPS %, pH, organic acids ppm) and 
storage conditions (storage time, storage temperature, % CO2 at equilibrium in the head 
space) were determined in Challenge test I and II in order to predict growth of 
L. monocytogenes and LAB using the cardinal parameter secondary model which 
predicts the simultaneous growth of L. monocytogenes and psychrotolerant 
Lactobacillus spp. (LmLAB model) (Mejlholm and Dalgaard, 2015). The obtained 
values from chemical analyses were used as input data in the LmLAB model, together 
with the initial L. monocytogenes and LAB concentrations (cfu/g) estimated by plate 
counting. The predicted outputs were growth curve (Log (cfu/g) as function of time), 
μmax (h
-1
), max concentration (cfu/g), lag time (days) and time to 100-fold increase in 
cell concentration for L. monocytogenes and LAB, respectively. 
Observed and predicted growth curves were plotted against each other and 
compared by graphical method. When growth was observed in the challenge tests, then 
bias- and accuracy factors (Ross, 1996) were calculated to evaluate the performance of 
the model as described in section 1.5.1: 
 
               
                                   
    Eqn. 3 
 
                   
                                   
   Eqn. 4 
 
The logarithm and anti-logarithm ensures that the differences between observed 
and predicted values are weighted correctly, not leading to small differences resulting in 
large ratios. Data from challenge tests with no-growth cannot be included in the 
calculation of bias- and accuracy factors. 
Bias- and accuracy factors were calculated based on predicted and observed µmax values. 
The μmax observed values were estimated by fitting the collected growth data 
from challenge tests to the Logistic model (Eqn. 2), with or without delay (i.e. lag 
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phase) that represents cell concentrations (Log cfu/g) as a function of time. The Solver 
add-in function of the Microsoft Excel software was used to minimise the Residual Sum 
of Squares (RSS) of the fitted data, corresponding to the deviation from observed data.  
3.8. Bioscreen C 
The Bioscreen C is an automated system that allows obtaining bacterial growth 
curves, measuring the increasing turbidity of liquid media throughout time. It makes it 
possible to run simultaneously two 100-wells microplates, called Honeycomb plates, 
resulting in 200 samples at the same time. Sampling is performed without removing the 
microplates from the instrument and linear shaker ensures mixing in each well 
(www.bioscreen.fi). 
In the present study, Bioscreen C instrument (Labsystems Oy, Helsinki, Finland) 
was used to determine minimum inhibitory concentration (MIC) values for acetic and 
benzoic acids against L. monocytogenes in liquid media with and without addition of 
fish oil. 
The antimicrobial activity of five concentrations of acetic acid (0.05, 0.1, 0.2, 
0.3 and 0.4% (w/v)) and benzoic acid (0.01, 0.03, 0.05, 0.07 and 0.09% (w/v)) was 
determined against a mixture of four L. monocytogenes isolates (94-203D, 95-54A, 95-








 cfu/ml). For details 
about the four isolates see section 3.3.2. A total of 40 experimental conditions 
(2 organic acids x 5 concentrations each organic acid x 4 inoculum levels each 
concentration) were analysed in duplicate (40 x 2). In addition, BHI broth (without 








 cfu/ml) and non-
inoculated (i.e. blank) was run in triplicate (5 x 3). Thus, 95 wells were loaded in one 
Honeycomb plate, and an identical Honeycomb plate was prepared with further addition 
of fish oil to each of the 95 wells.  
3.8.1. Liquid media preparation 
BHI-broth with pH adjusted to 6.0 was prepared and subsequently divided in a 
minimum of 11 portions of 100 ml. 55.3% sodium-acetate solution (55.3 g sodium 
acetate (Macco Organiques) dissolved in 100 ml deionised water) and 10.7% sodium-
benzoate solution (10.7 g sodium benzoate (SFK Food) dissolved in 100 ml deionised 
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water) were prepared and added to BHI broth to obtain desired concentrations of acetic 
and benzoic acid, respectively. Following addition of organic acids to each portion, if 
necessary, pH was adjusted to 6.0 using HCl/NaOH. NaOH tablets were chosen instead 
of NaOH solution to avoid diluting the added organic acids. The prepared media were 
autoclaved at 121°C for 15 minutes. After autoclaving and cooling of media, pH was 
checked again and, if necessary, re-adjusted to pH 6.0. To check the pH, 1 ml of broth 
was transferred to a cuvette and pH was measured (PHM 250 Ion Analyzer, 
Radiometer, Copenhagen, Denmark). Finally, each type of media was distributed in a 
minimum of 6 sterile test tubes of 9.9 ml. 
3.8.2. Inoculum preparation 
1. Four days before starting the experiment 
Isolates of L. monocytogenes were sub-cultured individually in 10 ml BHI broth 
at 25 °C from storage at -80 °C for approx. 24 hours.  
2. Three days before starting the experiment 
All isolates were pre-cultured by transferring 10, 100 and 1000 μl of each culture 
to chilled (8 °C) BHI-broth. The initial absorbance (540 nm) was measured for each of 
the 12 tubes. Air was used as blank. Subsequently, the tubes were incubated aerobically 
at 8 °C and the absorbance (540 nm) was measured throughout time. Three tubes (10, 
100 and 1000 μl) were prepared in order to ensure that at least one culture (one for each 
isolate) was ready for the start of the experiment.  
3. Start of the experiment 
When all isolates grew (i.e. the absorbance started to increase) the tubes were 
placed on ice. The relative change in absorbance was calculated for each of the 12 tubes 
and one tube for each isolate was chosen (increase in absorbance of > 0.05 at 540 nm) 
for preparing the inoculum. The inoculum mixture (Lm-mix 1) was prepared by 
transferring a known volume of each isolate to an empty and sterile test tube. The 
transferred volume depended on the relative change in absorbance for the individual 
isolates. As an example, 1 ml of culture was transferred for a relative change in 
absorbance of 0.1, whereas 2 ml of culture was transferred for a relative change in 
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absorbance of 0.05. The cell concentration (cfu/ml) of the inoculums was determined by 
direct phase contrast microscopy and was calculated assuming that one cell per field of 
vision corresponded to ~10
6
 cfu/ml. The average number from 10 randomly selected 
fields of vision was used. Subsequently, using 0.85% NaCl (w/v) solution, Lm-mix 1 
was diluted to a cell density of 1 x 10
7
 cfu/ml (Lm-mix 2). The cell concentration of 
Lm-mix 2 was determined in duplicate by plate counting on LH agar plates incubated at 
25 °C for 3-5 days. Two serial dilutions were made in PSP and dilutions -5, -6 and -7 
were plated.  
3.8.3. Inoculation 
The desired inoculum levels, examined for each of the 5 concentrations of 









 cfu/ml. Test tubes with 9.9 ml of media were inoculated with 
0.1 ml of Lm-mix 2 (10
7
 cfu/ml) giving a concentration of 10
5
cfu/ml. Test tubes with 
10
4
 cfu/ml were prepared by transferring 0.1 ml of Lm-mix 2 (10
6 
cfu/ml) to 9.9 ml of 
media. Lm-mix 2 was previously diluted to 10
6
 cfu/ml by transferring 1 ml of Lm-mix 2 




were made in test tubes with 9.9 ml of 














 cfu/ml). Test tubes were kept on ice during the 
inoculation procedure. 
3.8.4. Loading of Honeycomb plates 
During the loading procedure Honeycomb plates (Figure 3.1) were kept cold on 
a cooler brick. 300μl of sample were transferred to each well according to a pre-
determined plan (1 x 2 plates). For one of the plates each well was covered with 50 μl of 
fish oil. Prepared plates were placed in the Bioscreen C instrument and the experiment 




Figure 3.1 Depiction of Honeycomb plates used in the Bioscreen C. One with addition of fish oil to the liquid 
media and one without fish oil. 
3.8.5. Experimental conditions and test parameters 
The experiment was performed using a Bioscreen C instrument at 12°C in liquid 
media composed by BHI broth (pH adjusted to 6.0) in which acetic and benzoic acids 
were added at different concentrations. Each concentration of acetic and benzoic acids 
were tested with and without addition of fish oil. The bacterial growth was detected by 
automated absorbance measurement at 540 nm every 15 minutes. Shaking of plates was 
carried out automatically after each measurement for 10 seconds. The following test 
parameters were entered in the Bioscreen C program before starting the experiment: 
 
Test parameters 
Measurement:    Automated  
Temperature:    12 °C  
Wavelength:    540 nm  
Type of data:    Kinetic measurements  
Time between measurements: 15 minutes  
Shaking of plates:   After each measurement (10 seconds) 
3.8.6. Estimation of MIC values 
At the end of the Bioscreen experiment, the absorbance detection time (DT) was 
determined, for each absorbance growth curve, as the time to an increase in absorbance 
of 0.1 (at 540 nm) compared to the initial absorbance measurement. The detection time 









 cfu/ml) for each type of media with and without 
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addition of organic acids (acetic and benzoic acids) and fish oil. The cell concentration 
in each well was based on the dilution factor and on the aerobic counts of Lm-mix 2 
estimated from plate counting on LH. The maximum specific growth rate (µmax) of Lm-
mix 2 at each concentration of the two organic acids (with and without addition of fish 
oil) was given by the slope of the plotted graph. The method has been described by 
Dalgaard and Koutsoumanis (2001). Square-root transformed µmax values were plotted 
against concentrations (mM) of undissociated organic acids and MIC values for acetic 
and benzoic acids were determined as the concentration (mM) of organic acid when 
     =0. Concentrations of undissociated organic acids were calculated from the 
rearranged Henderson-Hasselbalch equation (Brocklehurst and Wilson, 2000) as 
following: 
 
                                                  
                                         
          
     Eqn. 15 
 
pKa values of 4.76 and 3.13 were used for acetic and benzoic acids, respectively 




4. Results and discussion 
4.1. Pre-experiment 
The quality of salmon (S) and cod filets (C) packed in modified atmosphere 
(40% CO2/ 60% N2) were evaluated.  
The recorded storage temperature throughout the experiment was 4.72 ± 0.25°C 
(n=2012). The initial pH of salmon was 6.31 ± 0.04, whereas the initial pH of cod was 
higher, being 6.70 ± 0.26 (raw data in Appendix 1).  
4.1.1. Microbial changes in salmon and cod filets 
The microbial growth during storage of S and C was recorded. Total aerobic 
viable counts and lactic acid bacteria were detected on LH agar and NAP agar, 
respectively. In figure 4.1 growth curves are presented, whereas raw data are shown in 
Appendix 1. 
 
Figure 4.1 Growth of lactic acid bacteria and total aerobic viable count in minced salmon (A) and cod filets (B) 
packed in modified atmosphere. The concentrations are given as Log cfu/g ± SD. Sampling was performed 
during the storage period at 0, 7 and 14 days. 
The initial aerobic viable count of cod filets was relatively high (>10
4 
cfu/g), but 
still acceptable. It was lower than total viable counts reported by Cardenas Bonilla et al. 
(2007) (10
5 
cfu/g, determined on Iron Agar) and by Debevere and Boskou (1996) 
(~10
6 
cfu/g determined on Plate Count Agar) at the beginning of storage. For salmon the 
initial aerobic viable count was 1 Log lower (3.5 Log (cfu/g)) than for cod filets 
(4.5 Log (cfu/g)). The different initial pH levels measured in the two types of fish could 
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than for salmon. In addition, the bacterial load associated with fish is related to the 
characteristics of the aquatic environment, e.g. the microbial load in the water, and the 
type of fishery. Salmon filets came from fish farms, where the environmental conditions 
are more controlled and operations, such as starvation before fishing, are utilized to 
reduce the risk of contamination. On the contrary, cod was caught in the oceans, where 
the environment is less controlled and fish is subjected to stress during the capture 
which affects the microbial quality (Borderías and Sánchez‐Alonso, 2011).  
During storage the aerobic viable count increased faster in salmon compared to 
cod, and after 2 weeks it reached concentrations of 4x10
8 
cfu/g in salmon and 
2x10
7
cfu/g in cod. Lactic acid bacteria, in both products, were very low at day 0, but, 




cfu/g in salmon and cod, respectively. However, following two weeks of storage, LAB 
only constituted 10 and 1% of the total microbiota of salmon and cod, respectively.  
In cod filets, after 7 days of storage LAB reached 2.52 Log cfu/g, that was 
similar to the LAB concentration found in another study in cod filets after 7 days of 
storage in MAP (60% CO2, 10% O2, 30% N2) at 6°C (Debevere and Boskou, 1996). In 
salmon growth curves for total aerobic viable counts and lactic acid bacteria had a very 
similar shape, though the proportion of LAB to the aerobic viable counts increased 
throughout storage time. Amanatidou et al. (2000) observed that in fresh Atlantic 





 cfu/g and LAB were the dominant spoilage microbiota during the storage period. 
After 12 days of storage in MAP at 5°C, the total aerobic viable count was 7.34 Log 
cfu/g and LAB were 7.14 Log cfu/g (Amanatidou et al., 2000).  
4.1.2. Changes in gas composition during storage in MAP 
The concentration of gasses within the headspace of MA packages changed 
during storage of salmon and cod filets. The change in % CO2 is shown graphically in 
Figure 4.2, whereas raw data are shown in Appendix 1. The gas composition measured 
immediately after packaging of MAP salmon filets was 42.47 ± 0.55% CO2, 
0.07 ± 0.00% O2 and 57.43 ± 0.55% N2, whereas for MAP cod filets it was 
39.03 ± 2.84% CO2, 0.86 ± 1.32% O2 and 60.10 ± 2.12% N2. 
After packaging CO2 was dissolved into the products and the concentration of 







a slight increase in concentration occurred in salmon whereas no changes occurred in 
cod. The O2 within the packages never exceeded 1% during storage, confirming the low 
gas permeability of the utilized wrapping materials. 
 
4.1.3. Sensory characteristics during storage 
The sensory characteristics odour/smell and appearance were evaluated during 
storage (the complete sensory descriptions are presented in Appendix 1). After one 
week small changes in colour of salmon filets were observed and slightly fishy off-
flavours were detected. Salmon was evaluated to be sensory unacceptable after 14 days 
of storage. Sivertsvik et al. (2003) observed a shelf-life of 10 days in MAP salmon filets 
(60% CO2/ 40% N2) stored at 4°C (Sivertsvik et al., 2003) even if the initial microbial 
quality of salmon filets was very high (aerobic plate count on PCA < 25 cfu/g) in 
comparison with the microbial quality observed in the present study. After 7 days, no 
changes in appearance were observed in cod filets, but a slight fishy smell was detected. 
However, even after 14 days, cod filets were evaluated acceptable, with minor changes 
in colour and smell. The colour was whiter and the smell was less strong and slightly 
sour in comparison with a fresh sample. The different sensory spoilage time of salmon 
and cod correspond with the higher microbial concentration (total aerobic viable count 
and LAB) found in salmon than in cod at 14
th
 day. 
4.2. Adjustment of pH for salmon and cod filets 
A total of 56 treatments using different organic acids were tested to obtain a pH 
close to 6.0 in minced salmon and cod samples (28 x 2). Average pH ± SD are reported 
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Figure 4.2 Changes in the CO2 
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different treatments are described in section 3.2. and are repeated again in Tables 4.1, 
4.2, 4.3, 4.4, 4.5 and 4.6 to make it easier to read the results. 
4.2.1. Changes in pH after addition of acetic, benzoic and sorbic acids 
In the first experiment concerning adjustment of pH of salmon and cod filets, 
acetic, benzoic and sorbic acids were tested at several concentrations. In Tables 4.1 and 
4.2 are reported pH values ± SD for each of the 30 treatments (code S1-S15 and C1-
C15). 
pH of minced salmon without added organic acids (S1) was 6.35 ± 0.02 and, as 
shown in Table 4.1, no significant decrease in pH was obtained in treatments S2 to S15. 
Treatment S15 contained the highest concentrations of acetic, benzoic and sorbic acids 
tested in this experiment (0.2, 0.1, 0.1% (w/w), respectively), but the measured pH 
(6.35 ± 0.00) was comparable with pH of treatment S1 (6.35±0.02). 
Table 4.1 Measured values of pH ± SD and different treatments, including acetic, benzoic and sorbic acids, 
tested on minced salmon (S1 to S15). 
Product: minced salmon 
Code 
Acetic acid  
(% w/w) 
Benzoic acid  
(% w/w) 
Sorbic acid  
(% w/w) 
pH 
S1 0 0 0 6.35±0.02 
S2 0 0.1 0 6.33±0.01 
S3 0 0 0.1 6.36±0.01 
S4 0 0.05 0.05 6.36±0.01 
S5 0 0.1 0.1 6.35±0.01 
S6 0.1 0 0 6.35±0.00 
S7 0.1 0.1 0 6.35±0.01 
S8 0.1 0 0.1 6.38±0.01 
S9 0.1 0.05 0.05 6.35±0.01 
S10 0.1 0.1 0.1 6.34±0.00 
S11 0.2 0 0 6.34±0.01 
S12 0.2 0.1 0 6.35±0.01 
S13 0.2 0 0.1 6.35±0.00 
S14 0.2 0.05 0.05 6.35±0.00 
S15 0.2 0.1 0.1 6.35±0.00 
 
pH of minced cod (Table 4.2) without added organic acids (C1) was 6.56 ± 0.00. 
It was higher than the corresponding treatment of salmon (S1), as observed in the pre-
experiment. Similar to salmon (S1-S15), no significant decrease in pH was obtained in 
treatments C2 to C15. Treatment C15 contained the highest concentrations of acetic, 
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benzoic and citric acids added to minced cod in this experiment (0.2, 0.1, 0.1% (w/w), 
respectively), but the measured pH (6.55 ± 0.01) was comparable with the pH 
6.56 ± 0.00 of treatment C1. 
Table 4.2 Measured values of pH ± SD and different treatments, including acetic, benzoic and sorbic acids, 
tested on minced cod (C1 to C15). 
Product: minced cod 
Code 
Acetic acid  
(% w/w) 
Benzoic acid  
(% w/w) 
Sorbic acid  
(% w/w) 
pH 
C1 0 0 0 6.56±0.00 
C2 0 0.1 0 6.55±0.02 
C3 0 0 0.1 6.58±0.00 
C4 0 0.05 0.05 6.54±0.01 
C5 0 0.1 0.1 6.60±0.00 
C6 0.1 0 0 6.58±0.00 
C7 0.1 0.1 0 6.56±0.02 
 C8 0.1 0 0.1 6.57±0.00 
C9 0.1 0.05 0.05 6.57±0.00 
C10 0.1 0.1 0.1 6.56±0.02 
C11 0.2 0 0 6.54±0.02 
C12 0.2 0.1 0 6.54±0.02 
C13 0.2 0 0.1 6.55±0.01 
C14 0.2 0.05 0.05 6.52±0.00 
C15 0.2 0.1 0.1 6.55±0.01 
4.2.2. Changes in pH after addition of citric and lactic acids 
Since the tested treatments S1-S15 and C1-C15 did not allow to reach the 
desired pH, citric and lactic acids were tested in the second experiment. In Tables 4.3 
and 4.4 are reported pH values ± SD for each of the 16 treatments (code S16-S23 and 
C16-C23).  
The results showed that lactic acid had a major influence on the pH of both type 
of fish (treatments S16-S19 and C16-C19). Samples with 0.25% (w/w) lactic acid, 
corresponding to the lowest lactic acid concentration tested in the second experiment, 
had pH lower than 6.0. In particular, the measured pH was 5.72 for salmon (S16) and 
5.62 for cod (C16). On the contrary, the pH of treatments with added citric acid was 
found to be relatively high for both salmon and cod samples (S20-S23 and C20-C23). 
The highest concentration of citric acid tested (0.60% w/w) resulted in pH values of 
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6.41 ± 0.03 and 6.64 ± 0.01 for salmon (S23) and cod (C23) samples, respectively. 
Therefore, citric acid was found not to be useful to decrease the pH level. 
Table 4.3 Measured values of pH ± SD and different treatments with added lactic acid (S16-S19) and citric 
acids (S20-S23), tested on minced salmon 
Product: minced salmon 
Code Lactic acid (% w/w) Citric acid (% w/w) pH 
S16 0.25 0 5.72±0.34 
S17 0.5 0 5.12±0.21 
S18 0.75 0 4.95±0.10 
S19 1 0 4.55±0.21 
S20 0 0.15 6.33±0.03 
S21 0 0.3 6.35±0.03 
S22 0 0.45 6.36±0.02 
S23 0 0.6 6.41±0.03 
 
Table 4.4 Measured values of pH ± SD and different treatments with added lactic acid (C16-C19) and citric 
acids (C20-C23), tested on minced cod 
 
4.2.3. Changes in pH after addition of lactic acids 
On the basis of the results obtained in the second experiment, it was decided to 
use lactic acid to correct the pH of salmon and cod samples, since it showed to be the 
strongest organic acid able to reduce the pH of both type of fish. Different 
concentrations of lactic acid were tested (Tables 4.5 and 4.6) in order to choose the 
concentration to be used in the samples for the challenge test I (salmon and cod). In 
Tables 4.5 and 4.6 are reported the results of the third experiment that aimed to reduce 
pH of salmon and cod. 
Product: minced cod 
Code Lactic acid (% w/w) Citric acid (% w/w) pH 
C16 0.25 0 5.62±0.08 
C17 0.5 0 5.34±0.20 
C18 0.75 0 4.73±0.34 
C19 1 0 4.82±0.37 
C20 0 0.15 6.42±0.33 
C21 0 0.3 6.58±0.01 
C22 0 0.45 6.61±0.01 
C23 0 0.6 6.64±0.01 
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Lactic acid at concentration 0.10% (w/w) allowed reaching pH close to 6.0 in 
both salmon (S25) and cod (C25) samples (Tables 4.5 and 4.6). At 0.15% lactic acid, 
the pH was already below 6.00: in particular it was 5.88 ± 0.18 in S26 and 5.81 ± 0.23 
in C26. Subsequently, lactic acid at concentration 0.10% was chosen as amount of 
organic acid to be added to minced salmon and cod filets for the challenge test I. 
Table 4.5 Measured values of pH ± SD and different treatments with added lactic acid (S24-S28) tested on 
minced salmon 
Product: minced salmon 
Code Lactic acid (% w/w) pH 
S24 0 6.32±0.01 
S25 0.10 6.06±0.05 
S26 0.15 5.88±0.18 
S27 0.20 5.89±0.18 
S28 0.25 5.54±0.12 
Table 4.6 Measured values of pH ± SD and different treatments with added lactic acid (C24-C28) tested on 
minced cod 
Product: minced cod 
Code Lactic acid (% w/w) pH 
C24 0 6.44±0.01 
C25 0.10 6.06±0.21 
C26 0.15 5.81±0.23 
C27 0.20 5.94±0.18 
C28 0.25 5.62±0.40 
 
The results showed a large variability within the three replicates of the same 
sample. A possible explanation could be that at time of measuring, the pH had not 
reached the equilibrium within each sample. This is especially evident in the treatments 
S16-S23 and C16-C23, as they were stored for only 7-8 hours before measuring the pH, 
whereas all the others samples were stored for approx. 24 h. Furthermore, the variability 
could be due to the small amount of minced fish and organic acids used for each sample 
and this could most likely be diminished when a larger amount of minced fish as well as 
a larger volume of organic acids is used (e.g. in samples for the challenge test I). The 
structure of fish flesh, although it was minced, should also be considered. Especially the 
pH of cod samples was difficult to measure since the connective tissue during stirring 
deposited sediment on the electrode, giving variability in pH measurements. 
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4.2.4. Adjusted pH in minced salmon and cod filets 
The pH value close to 6.00 for minced salmon and cod filets, used in the 
challenge test I, was chosen as it represents a typical pH level of lightly preserved 
seafood. Furthermore a pH lower than 6.3-6.6 (similar to pH measured in salmon and 
cod filets, respectively) was necessary in order to study the antimicrobial effect of 
organic acids and how their antimicrobial effect is influenced by the composition of the 
food matrix (e.g. lipid content). Indeed, as explained in section 1.1.5, the form of an 
organic acid that affects mostly the microbial growth is the undissociated form. 
Therefore, at least part of the organic acid should be in its undissociated form, if the 
antimicrobial effect has to be studied. The concentration of the undissociated organic 
acid depends on the dissociation constant (pKa) of the organic acid and the pH of the 
food environment. In Table 4.7 is shown how the percentage of the undissociated form 
changes at different levels of pH for the 5 organic acids used in the present study.  
Table 4.7 Effect of pH on the percentage of undissociated organic acid used in the present study: acetic, 

































4.76 15.4 12.6 10.3 8.4 6.8 5.4 4.4 3.5 2.8 2.2 1.8 1.4 
Benzoic 
acid 
4.19 4.7 3.7 3.0 2.4 1.9 1.5 1.2 1.0 0.8 0.6 0.5 0.4 
Citric 
acid 
3.13 0.4 0.3 0.3 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.0 0.0 
Lactic 
acid 
3.86 2.2 1.8 1.4 1.1 0.9 0.7 0.6 0.5 0.4 0.3 0.2 0.2 
Sorbic 
acid 
4.76 15.4 12.6 10.3 8.4 6.8 5.4 4.4 3.5 2.8 2.2 1.8 1.4 
a 
The percentage of undissociated organic acid was calculated using the rearranged Henderson-
Hasselbalch equation (Eqn. 15) (Brocklehurst and Wilson, 2000) 
 
At pH 6.00, the amount of undissociated organic acids is 5.4%, 1.5%, 0,1%, 
0.7% and 5.4% for acetic, benzoic, citric, lactic and sorbic acids, respectively (green 
column in Table 4.7). Whereas at pH 6.3 (similar to the pH measured in raw salmon 
samples) the percentages is clearly reduced (pink column in Table 4.7). The effect of 
pH on the percentage of undissociated form is even more evident at pH 6.6 (similar to 
pH measured in raw cod samples). At this pH level the percentage of undissociated 
acetic and sorbic acids is 1.4%, whereas for benzoic, citric and lactic acids the 
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percentage decreases even to 0.4%, 0.0%, 0.2%, respectively (blue column in Table 
4.7).  
4.3. Challenge test I 
4.3.1. Product characteristics and storage conditions 
In challenge test I, 6 treatments based on minced salmon and cod filets were 
inoculated with a mixture of L. monocytogenes and Lb. sakei isolates. As reported in 
section 3.3, the 6 treatments included addition of lactic acid to all treatments (S1, S2, 
S3, C1, C2 and C3), benzoic and sorbic acids to treatments S2, S3, C2 and C3, and fish 
oil to S3 and C3. The 6 treatments and their codes are reported in Table 4.8. The 
samples were packed in modified atmosphere (40% CO2/ 60% N2) and stored at 7°C for 
4 weeks. 
Based on the results from previous experiments regarding adjustment of pH of 
salmon and cod filets (see section 3.2), it was decided to add lactic acid solution in 
order to reach pH close to 6.0 in minced salmon (S) and cod (C) filets. 
Table 4.8 Treatments used in challenge test I based on minced salmon and cod filets 
Product Code 
Treatment 









S1 0.10 - - - 
L. monocytogenes 
and LAB 
S2 0.10 0.10 0.10 - 
L. monocytogenes 
and LAB 




C1 0.20 - - - 
L. monocytogenes 
and LAB 
C2 0.20 0.10 0.10 - 
L. monocytogenes 
and LAB 




Initially, concentrations of 0.10% (w/w) lactic acid was added to both types of 
fish as 0.10% (w/w) lactic acid allowed reaching pH ~6.0 in the previous experiment 
(see section 3.2). The day after the addition of lactic acid solution, the pH of salmon and 
cod was measured: 6.01 ± 0.02 was the pH of S, whereas 6.32 ± 0.01 was the pH of C. 
Since the pH of C was too high, it was decided to add one more portion of 0.10% lactic 
acid to minced cod sample in order to decrease its pH. After this addition, the pH of cod 
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was 6.06 ± 0.00. Hence, the final lactic acid concentration in the three treatments based 
on minced cod (C1, C2, C3) was 0.20% (w/w), whereas in the three treatments based on 
minced salmon (S1, S2, S3) it was 0.10% (w/w). In Table 4.9 the pH values measured at 
day 0 for each treatment are reported. The products were all characterised by pH values 
between 6.02 and 6.11, thus a lower and more uniform pH was obtained by adding 
lactic acid in all salmon and cod samples. As observed in previous experiments (Tables 
4.1 and 4.2), the addition of benzoic and sorbic acids did not affect the pH of both type 
of fish. Indeed, pH values of treatments containing benzoic and sorbic acids (S2, S3, C2 
and C3) did not differ from treatments without organic acids (Table 4.9). 
The average storage temperature recorded throughout the experiment was 
7.38 ± 0.45°C (n=3861). As shown by the average ± SD, little fluctuation in the storage 
temperature was observed. 
The concentration of gasses within the package headspace changed during 
storage of samples. The change in % CO2 is shown graphically in Figure 4.3 (raw data 
are shown in Appendix 3). The gas composition immediately after packaging (day 0) 
was measured only for treatments S1 and C1. This was composed by 41.30 ± 1.08% 
CO2, 0.08 ± 0.01% O2 and 58.63 ± 1.03% N2 in S1, and 38.00 ± 0.89% CO2, 
0.08 ± 0.01% O2 and 61.90 ± 0.89% N2 in C1. It was assumed that treatments S2 and S3 
had the same initial gas composition as S1, and C2 and C3 the same initial gas 
composition as C1. After packaging, part of CO2 dissolved into the products. The 
concentration of CO2 decreased in the first 2-5 days due to absorption of the gas into 
minced fish until the equilibrium concentration (CO2-eq) was reached. After CO2-eq was 
reached, an increase in CO2 concentration occurred in the treatments not containing 
benzoic and sorbic acids (i.e. S1 and C1) and at the end of the storage period the 
concentration of carbon dioxide was 40.60 ± 0.75% in S1 and 44.20 ± 0.87% in C1. In 
treatments S2, S3, C2 and C3 the CO2 concentration in the headspace continued to 
decrease, albeit slightly, for 12-15 days. In these products during the last two weeks of 
storage, the percentage of CO2 weakly increased, although remaining lower than the 
percentage in the two treatments without benzoic and sorbic acids (i.e. S1 and C1). The 
average O2 concentration within the packages was very low and never exceeded 1% in 
all 6 treatments during storage. Thus, confirmed that the wrapping materials have low 





Figure 4.3 Changes in CO2 concentration within the package headspace throughout time (%CO2 ± SD) of 
treatments S1, S2, S3 (Fig. a) and C1, C2, C3 (Fig. b) 
Tables 4.9 and 4.10 show product characteristics of all 6 treatments used in the 
challenge test I. The raw data are reported in Appendix 3. All analyses were performed 
at day 0 and pH was measured once more at the end of the storage period. The pH of 
treatment S1 was similar to its pH at day 0, whereas pH changed in the other treatments. 
In C1 a pH increase of 0.4 was observed, whereas the treatments with benzoic and 
sorbic acids resulted in a pH decrease of 0.4-0.5 (see Table 4.9). It has been reported 
that the dissolution of CO2 in fish flesh, after MA packaging, leads to increased carbonic 
acid which contributes to lower the pH (Farber, 1991; Sivertsvik et al., 2002). Some 
studies with MAP seafood show a decrease in pH, whereas in others no pH changes or 
increases in pH occur (Dalgaard et al., 1993; Debevere and Boskou, 1996; Hansen et 
al., 2007). During storage experiments of MAP cod filets in ice, pH increased from 
about 6.6 to 6.7-6.8 in products with 29-48% CO2 (the remaining gas being N2) 
(Dalgaard et al., 1993).  
The concentration of NaCl in the water phase (% WPS) was very low since no salt was 
added to the fish filets: ~0.2% in salmon and ~0.1% in cod samples. 
As expected, the percentage of dry matter, as well as the lipid content was higher 
in treatments based on salmon than those based on cod. Indeed, more fat occurs 
naturally in salmon than in cod. Furthermore, in the treatments where 10% fish oil was 
added (i.e. S3 and C3), higher dry matter concentrations and lipid contents were 
observed. C3 had 10-fold higher lipid content than cod treatments without added fish oil 
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between treatments with and without added fish oil was less clear. S3 had % dry matter 
and % lipid ~1% higher than S1 and S2.  
Table 4.9 Product characteristics determined by chemical methods ± SD, of treatments S1, S2, S3, C1, C2 and 










S1 6.02±0.02 6.14±0.02 0.25±0.06 34.75±1.61 13.69±0.25 
S2 6.04±0.00 5.65±0.01 0.26±0.02 34.15±0.73 14.82±0.70 
S3 6.07±0.01 5.68±0.03 0.24±0.06 36.54±0.39 16.36±0.17 
C1 6.09±0.05 6.51±0.04 0.10±0.06 23.01±0.76 0.75±0.19 
C2 6.11±0.03 5.63±0.02 0.13±0.03 20.96±0.93 0.71±0.01 
C3 6.11±0.02 5.71±0.03 0.13±0.03 30.05±0.51 7.74±0.56 
 
Lactic acid was detected in all 6 treatments. The total lactic acid concentration 
was partly due to the added lactic acid and partly due to the naturally occurring lactate 
in salmon and cod filets (6000-9000 ppm in the water phase in salmon and 3000-5000 
ppm in the water phase in cod) (Førde-Skjærvik et al., 2006). In treatments where 
benzoic and sorbic acids were not added (S1 and C1), they were not detected, whereas 
concentrations of benzoic and sorbic acids between 889 to 1352 ppm and 465 to 909 
ppm, respectively, were measured in S2, S3, C2 and C3 (Table 4.10).  
Table 4.10 Results from HPLC analysis ± SD of treatments S1, S2, S3, C1, C2, C3. No benzoic and sorbic acids 
were detected in treatments S1 and C1 
 Organic acids in the water phase (ppm) 
Code Benzoic acid Lactic acid Sorbic acid 
S1 - 9516±476 - 
S2 1221±45 8504±782 901±54 
S3 1352±228 8406±1086 680±103 
C1 - 6575±568 - 
C2 889±120 5770±809 465±69 
C3 1124±89 6751±515 909±148 
4.3.2. Microbial changes during storage 
During storage, Listeria monocytogenes, lactic acid bacteria and total viable 
aerobic counts were determined. Based on 3 measurements for each treatment at each 
sampling time (day), the growth curves were developed (raw data from microbiological 
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analyses can be found in Appendix 3). Microbial changes in minced salmon and cod 
during storage at 7C are shown in Figures 4.5 (treatments S1, S2 and S3) and 4.6 
(treatments C1, C2 and C3).  
At day 0, only treatments S1 and C1 were analysed by microbiological methods. 
It was assumed that treatments S2 and S3 had the same initial microbial concentration 
as S1, and C2 and C3 the same initial microbial concentration as C1. The desired 
concentration of the inoculum was 1 x 10
3 
cfu/g (corresponding to 3 Log cfu/g) for 
L. monocytogenes and 1 x 10
1 
cfu/g (corresponding to 1 Log cfu/g) for Lb. sakei and the 
actual level detected at day 0 was comparable, being 3.2 Log (cfu/g) 
(L. monocytogenes) and ~1 Log (cfu/g) (LAB) in both salmon and cod treatments. The 
initial total aerobic count (LH) was found to be similar for S1 and C1 (5 Log cfu/g), as 
well as the concentration of L. monocytogenes and LAB (Figure 4.5, treatment S1, and 
Figure 4.6, treatment C1). 
In Table 4.11 are reported the growth parameters of LAB and L. monocytogenes 
in the 6 treatments. Growth data were fitted to a Logistic model with or without delay 
(i.e. lag phase) using the Solver add-in in MS-Excel (Figure 4.4). Lag phase (days) and 
the maximum specific growth rate (µmax, 1/h) were determined from the fitted data. 
A lag phase was only included for LAB growth in treatments C1, C2 and C3 as 
determined by the Logistic model with delay, whereas in the other treatments it was 
observed that LAB, as well as L. monocytogenes, resumed growth immediately after 
inoculation and packaging. 
Table 4.11 Growth parameters of LAB and L. monocytogenes (Lag phase and µmax) in challenge test I 
determined from fitted experimental data using the Logistic model with/without lag phase. Fittings of 
experimental data showed a lag phase during LAB growth in treatments C1, C2 and C3. No growth of 
L. monocytogenes occurred in treatments S2, S3, C2 and C3.  
 
Growth of  
LAB-observed 
Growth of  
L. monocytogenes-observed 
Code Lag phase (days) µmax (1/h) Lag phase (days) µmax (1/h) 
S1 0 0.110 0 0.038 










C1 1.1 0.068 0 0.011 











NG: no growth observed (increase in concentration of L. monocytogenes< 0.5 Log (cfu/g)) 
 
The further presence of benzoic and sorbic acids, in addition to lactic acids, 
seems to influence the growth of L. monocytogenes since the concentration was reduced 
over time (Figure 4.6, Treatments C2-C3) or no growth occurred (Figure 4.5, 
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Treatments S2-S3) in treatments containing these organic acids. A no growth response 
was defined as an increase in L. monocytogenes concentration < 0.5 Log cfu/g during 
the length of the experiment (Mejlholm and Dalgaard, 2009).  
The antimicrobial effect of benzoic and sorbic acids against L. monocytogenes has 
already been documented and these compounds are often used as preservatives, in 
combination with e.g. other organic acids and chilled storage, in lightly preserved 
seafood including brined shell-fish and mayonnaise based seafood salads (Vermeulen et 
al., 2007; Mejlholm et al., 2008; Mejlholm and Dalgaard, 2015). 
In treatments S1 and C1, L. monocytogenes grew exponentially throughout the 
storage period, with the maximum specific growth rate (µmax) being faster in S1 
(0.04 1/h) than in C1 (0.01 1/h) (Table 4.11). After 22 days of storage, 
L. monocytogenes reached similar concentrations in the two treatments: 5.71 ± 0.50 Log 
cfu/g in S1 and 5.52 ± 0.47 Log cfu/g in C1.  
 
Figure 4.4 Example of data fitting using the logistic model with/without lag phase. Data used: LAB in 
treatment C1 
LAB grew without a lag phase in treatments S1, S2 and S3, whereas in 
treatments C1, C2 and C3 a lag phase of 1.1 to 3.2 days were observed (Table 4.11). 
This could not be explained by the combined effect of product characteristics since in 
cod the initial pH was higher and % WPS lower than in treatments based on salmon (S1, 
S2 and S3), hence, apparently less adverse environmental conditions occurred in cod 
than in salmon. It is known that the lag phase is affected by several factors including the 
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current growth environment and the physiological state of the microorganisms 
(Robinson et al., 1998; Ross and Dalgaard, 2004). During the inoculum preparation, 
L. monocytogenes and Lb. sakei were pre-cultured in order to adapt the strains to the 
experimental conditions and avoid a lag phase due to the new environment in salmon 
and cod treatments, respectively. However, it is possible that, after inoculation and 
packaging, a faster decrease in pH occurred in C2 and C3 than in salmon treatments 
and, subsequently, the microbial growth were slightly slowed down at the beginning of 
the storage period. This hypothesis, however, could not be supported by the results, 
since the pH was not measured continuously throughout the sampling period. Probably 
benzoic and sorbic acids contributed to inhibit microbial growth since in treatments 
where they were added (i.e. C2 and C3), a longer lag phase was observed. 
Observing the growth curves in Figures 4.5 and 4.6 it is evident that even if the 
initial LAB level was very low, LAB became predominant within the microbiota of all 6 
treatments. LAB grew faster than other microorganisms in MAP since they are 
microaerophiles. This is in agreement with previous findings which observed that even 
if the initial concentration of LAB is very low in fresh fish, they took advantage during 
storage in MAP and became the predominant microbiota (see section 1.3). The µmax 
values were found to be 0.056-0.072 h
-1
 in all treatments, except for S1 where LAB 
grew with a maximum specific growth rate of 0.110 h
-1 
(Table 4.11). The stationary 




cfu/g, was reached during the sampling period in all 6 
treatments. 
In treatments S2, C2 and C3 during the first days of storage the level of total 
aerobic count did not increase. However, when lactic acid bacteria reached ~10
5 
cfu/g in 
S2 (day 5), the concentration of total aerobic viable count increased at the same growth 
rate as LAB (Figure 4.5, treatment S2). From the 6
th
 day on, an exponential increase of 
the total aerobic viable counts was observed in treatments C2 and C3 and within time 
the growth curves of LAB and total aerobic viable counts converged (Figure 4.6, 
treatments C2 and C3). In treatment S3, as well as in treatment S2, C2 and C3, LAB 
reached the same levels as for the total aerobic viable count during storage. The final 
level of lactic acid bacteria and total aerobic viable counts was in the range of 8.45-8.89 
Log cfu/g and 8.49-8.86 Log cfu/g, respectively. Hence, growth of LAB was clearly 
favoured at conditions found in the challenge test I. 
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Throughout the storage period, lactic acid bacteria dominated the microbiota 
also in treatments S1 and C1. However, in S1 and C1 the total aerobic viable count was 
higher than LAB throughout the storage period. At 22
nd
 day total aerobic viable count 
was ~9 Log cfu/g and LAB ~8 Log cfu/g in both S1 and C1. Hence, microorganisms 
other than LAB grew in treatments without benzoic and sorbic acids. This could be a 
possible explanation for the different changes in pH during storage. It is possible that 
some spoilage microorganisms grown in S1 and C1 could not grow with benzoic and 
sorbic acids. These microorganisms probably produced metabolites resulting in higher 
pH. Thus, at the end of the storage period a slight increase in pH was observed in S1 
and an increase of 0.4 occurred in C1 (Table 4.9). In C1 the change in pH was higher 
than for S1 and this could likely be due to production of more alkaline metabolites. 
Debevere and Boskou (1996) observed a slight increase in pH during storage of MAP 
cod filets as a consequence of production of total volatile bases (TVB) by microbial 
metabolism. The increase in TVB was mainly related to trimethylamine (TMA) which 
could be produced by facultative anaerobic H2S-producing bacteria (Debevere and 
Boskou, 1996).  
However, a faster growth of LAB was observed in treatments S1 and C1 as compared to 
S2 and S3, and C2 and C3, respectively (Table 4.11). This corresponded to the higher 
levels of CO2 detected during the sampling period in S1 and C1. Thus, higher 
production of CO2 was probably caused by the high concentrations of LAB grown in 
these treatments. 
In treatment S1, L. monocytogenes grew faster than in treatment C1 with 
µmax values of 0.038 and 0.011 h
-1
, respectively. However, in S1 L. monocytogenes 
stopped growing when LAB reached their maximum population density (MPD). This 
occurred probably due to the inhibiting effect of microbial interaction on growth of 
L. monocytogenes (i.e. the Jameson effect). On the contrary, in treatment C1 the 
Jameson effect was not observed and the concentration of L. monocytogenes increased 
after LAB had reached their MPD and no stationary phase was observed during 23 days 
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Long & Hammer NAP Palcam 
Figure 4.6 Growth of L. monocytogenes (Palcam), lactic 
acid bacteria (NAP) and total aerobic counts(Long & 
Hammer) in treatments C1, C2 and C3 packed in 
modified atmosphere. The concentrations during 
the storage period are given as Log cfu/g ± SD. 
Figure 4.5 Growth of L. monocytogenes (Palcam), lactic 
acid bacteria (NAP) and total aerobic counts(Long & 
Hammer) in treatments S1, S2 and S3 packed in 
modified atmosphere. The concentrations during 
the storage period are given as Log cfu/g ± SD.  
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4.3.3. Evaluation of models for L. monocytogenes and Lactobacillus spp. 
The cardinal parameter secondary model which predicts the simultaneous 
growth rate and growth boundary of L. monocytogenes and psychrotolerant 
Lactobacillus spp. (LmLAB model) (Mejlholm and Dalgaard, 2015) was used to predict 
growth of L. monocytogenes and LAB in the 6 treatments including benzoic, lactic and 
sorbic acids. In comparison with a previous microbial interaction model (Mejlholm and 
Dalgaard, 2007b), the new LmLAB model was expanded with the effect of nitrite, 
acetic, benzoic, citric and sorbic acids. Among the available models that predicts 
microbial interaction, the new LmLAB model is the most extensive one since it takes 
into account the effect of 12 environmental parameters on microbial growth (see section 
1.5.2) (Mejlholm and Dalgaard, 2015). The product characteristics and storage 
conditions determined for each treatment were used as input data together with the 
initial L. monocytogenes and LAB concentration determined by plate counting on 
Palcam and NAP agar, respectively. Figure 4.7 shows the model interface based on data 
from treatment S2 as an example. 
Table 4.12 Comparison of observed and predicted µmax values of lactic acid bacteria and L. monocytogenes in 
the 6 treatments of challenge test I by calculation of bias/accuracy factor values. µmax values were predicted by 
the combined LmLAB model for L. monocytogenes and psychrotolerant Lactobacillus spp. (Mejlholm and 
Dalgaard, 2015) 






















0.038 0.028 0.74/1.35 (n=1)
a
 
S2 0.070 0.062 NG
b
 0.002  
S3 0.072 0.063 NG
b
 0.004  




0.011 0.032 2.88/2.88 (n=1)
a
 
C2 0.058 0.071 NG
b
 0.020  
C3 0.056 0.067 NG
b
 0.011  
  Average 0.99/1.21 (n=6)
a
  Average 1.46/1.97 (n=2)
a
 
a Values in parentheses indicate the number of experiments used to calculate average bias and accuracy factor values 
b NG: no growth observed (increase in concentration of L. monocytogenes< 0.5 Log (cfu/g)) 
 
In treatments based on cod a lag phase was observed during LAB growth and the 
lag phase values (days) were obtained by fitting experimental growth data to the 
Logistic model with delay (Table 4.11). These values were used as input data in the 
LmLAB model in order to accurately predict growth of LAB. The model has the ability 
to predict growth when a lag phase is taken into account, for both L. monocytogenes and 
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lactic acid bacteria. Isolates used for inoculum in challenge tests are often adapted, 
during culturing steps, to the environmental conditions found in the food matrixes of 
interest in order to avoid that a lag phase occurs (Giménez and Dalgaard, 2004; 
Mejlholm and Dalgaard, 2007b; 2013). This procedure is used to facilitate the study of 
the effect of environmental conditions on the growth rate of microorganisms (Mejlholm 
et al. PhD-thesis, 2007). In the present study the isolates were adapted to experimental 
conditions and only a short lag phase (< 3.2 days) occurred in C1, C2 and C3. 
 
Figure 4.7 Example of predicted growth of L. monocytogenes and LAB using the predictive growth model for 
the simultaneous growth of L. monocytogenes and psychrotolerant Lactobacillus spp. (LmLAB model) 
(Mejlholm and Dalgaard, 2015). Product characteristics, storage conditions and initial microbial 
concentrations (entered in the black cells) are referred to treatment S2. The predicted growth curves of LAB 
(blue line) and L. monocytogenes (red line) are displayed in the plot on the bottom. 
The model performance was evaluated by classical graphical methods and, when 
growth was observed, by calculating the bias- and accuracy factors (Bf and Af) (data 
95 
 
from challenge test with no growth cannot be included in the calculation of Bf and Af 
values). 
In figure 4.8 observed and predicted growth curves of LAB and 
L. monocytogenes are graphically shown. From these graphics it can be noticed that the 
LmLAB model predicted slower growth of LAB in treatments S1, S2 and S3, whereas 
in treatments C1, C2 and C3 predicted LAB growth was faster than observed. This is 
confirmed by bias factors (Bf) of 0.82 (n=3) and 1.20 (n=3) for treatments based on 
salmon and cod, respectively (Table 4.12). The Bf values indicate that the LmLAB 
model under- and overestimated the growth rates of LAB, respectively. In treatments 
based on salmon the predicted µmax values were on average 18% slower than observed 
µmax values, whereas in treatments based on cod µmax values were on average 20% faster 
than observed µmax values. Mejlholm and Dalgaard (2013) suggested that a Bf value 
within the range of 0.85-1.25 indicates an acceptable performance for predictive models 
describing growth of spoilage bacteria (e.g. LAB). However, when all growth rates 
observed and predicted in the 6 treatments were considered, then average Bf and Af 
values of 0.99 and 1.21 (n=6) were calculated (Table 4.12). Thus, on average an 
acceptable agreement between observed and predicted µmax values for LAB growth in 
MAP minced fish filets was observed. 
For L. monocytogenes, no growth was observed in treatments S2 and S3, but low 
growth was predicted by the LmLAB model. A similar tendency was noticed in 
treatments C2 and C3, since no growth occurred during the storage period, although, 
growth was predicted. The predicted µmax values were faster in C2 and C3 than in S2 
and S3 (Table 4.12) and in Figure 4.8 it can be noticed that the predictions of 
L. monocytogenes growth were furthest from observed growth in C2 and C3 than in S2 
and S3. Despite the incorrect predictions, the model was fail-safe since growth was 
predicted when no growth was actually observed. In treatments where growth of 
L. monocytogenes was observed, i.e. S1 and C1, the growth rates were under- and 
overestimated, respectively. Bf and Af values of 0.74 and 1.35 were calculated for S1 
and, 2.88 and 2.88 for C1 (Table 4.12). In S1, the µmax value predicted was 26% slower 
than µmax observed, however average MPD values of 5.71 and 5.90 Log cfu/g was 







Figure 4.8 Comparison of observed and predicted growth of LAB and L. monocytogenes during storage of the 
6 treatments in challenge test I (S1, S2, S3, C1, C2 and C3). Observed growth data were collected by plate 
count on NAP (LAB, LAB observed) and Palcam agar (L. monocytogenes, Lm observed). Growth of LAB and 
L. monocytogenes were predicted using the LmLAB model (Mejlholm and Dalgaard, 2015). In C1, C2 and C3 
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Without the effect of microbial interaction (i.e. Jameson effect), an average 
MPD values of 8.47 Log cfu/g was predicted for L. monocytogenes in S1. Thus, the 
importance of including the effect of microbial interaction in the LmLAB model was 
evident for treatments based on salmon. L. monocytogenes growth was markedly 
overestimated in C1 (µmax value predicted was 188% faster than what was observed). 
The maximum concentration observed in C1 was 5.52 Log cfu/g but the stationary 
phase was not reached during 23 days of storage and no Jameson effect (i.e. effect of 
microbial interaction) was observed. The model predicted that an average MPD of 6.52 
Log cfu/g was reached after 12 days if the effect of microbial interaction was taken into 
account. Whereas, without the Jameson effect, the maximum level of L. monocytogenes 
predicted was 8.50 Log cfu/g. Thus, the difference between observed and predicted 
MPD values was even greater when the effect of microbial interaction was ignored. 
When a lag phase was not included to predict growth of LAB in treatments C1, 
C2 and C3 the same maximum specific growth rates for LAB and L. monocytogenes, 
respectively, were obtained but predicted MPD values for L. monocytogenes were 
different. In particular MPD values of 6.15, 5.33 and 4.48 Log cfu/g were predicted 
taking into account the Jameson effect. Whereas when a lag phase of 1.1, 2.7 and 3.2 
days, respectively, were included, then average MPD values for L. monocytogenes of 
6.52, 5.89 and 4.83 Log cfu/g were predicted. These higher MPD values are obtained 
since the onset of microbial interaction, defined as the time when LAB concentrations is 
within 0.05 Log cfu/g of LAB maximum population density (Mejlholm and Dalgaard, 
2015), is delayed when lag phase is included. As an example, in treatment C3 
(LAB MPD = 8.50 Log cfu/g) the onset of microbial interaction was predicted as 14.8 
and 11.6 days when a lag phase was and was not included. The model of Mejlholm and 
Dalgaard (2015) was developed assuming that L. monocytogenes and LAB inhibit each 
other similarly to how they inhibit their own growth. Furthermore, since it has been 
seen that LAB are usually present at higher concentrations and grow faster than 
L. monocytogenes, the inhibiting effect of L. monocytogenes on LAB was not 
considered during model development (Mejlholm and Dalgaard, 2015).  
Considering the results from challenge test I, the combined LmLAB model 
seems to predict quite well the growth of psychrotolerant LAB in all products with 
better performance for salmon treatments. Regarding L. monocytogenes, the predictions 
severely overestimated the growth, especially in cod treatments, resulting in fail safe 
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predictions. Preferably a conservative approach (i.e. fail safe predictions) should be 
applied when evaluating growth of pathogen microorganisms. However, a highly fail 
safe model can be too conservative, resulting in unnecessary inspections in food 
industries or disposal of products actually being safe (McMeekin and Ross, 2002). The 
worse performance of the model could be due to limitations of the model. It should be 
mentioned that the new combined model, as well as the previous version, has never 
been tested on cod products, whereas several validation studies has been successfully 
carried out on salmon products, both naturally or artificially contaminated (e.g. cold-
smoked and gravad salmon) (Mejlholm and Dalgaard, 2007a; 2007b; Mejlholm et al., 
2014; Mejlholm and Dalgaard, 2015). Probably other factors influencing microbial 
growth should be identified and included in the model in order to correctly predict 
growth of LAB and L. monocytogenes in cod products. It has been suggested that 
different food structures and compositions could affect microbial growth to a different 
extent and this should be taken into account in predictive models (Wilson et al., 2000; 
Dens and Van Impe, 2001; Wilson et al., 2002). Food structure could influence the 
chemical distribution of preservatives such as organic acids (e.g. between the water and 
the lipid phase, see section 1.1.5) or could include physical constraints on mobility of 
microorganisms (Wilson et al., 2002). For example, it has been observed that 
microorganisms grow faster in broth systems than in solid foods in which additional 
stress are present (Ross, 1999; Wilson et al., 2002). Differences in flesh structure could 
occur in the two types of fish and different distribution of e.g. adipocytes or different 
rate of degradation of connective tissue could have some influence on microbial 
mobility and growth. Furthermore, antimicrobial agents, e.g. proteins and peptides, 
involved in innate immunity of fish (Bergsson et al., 2005; Subramanian et al., 2008; 
Ruangsri et al., 2010) could have some effects post-mortem on microbial growth in cod 
filets, rather than in salmon filets. It is known that cod (Gadus morhua) has a higher 
content of water and lower content of lipid and protein than salmon (Salmon salar) 
(Table 4.13). This could results in different micro environments, which alter growth 
conditions of microorganisms (Wilson et al., 2002). 
Table 4.13 Chemical composition of cod and salmon filets (Huss, 1988) 
Species Water % Lipid % Protein % 
Cod 78-83 0.1-0.9 15.0-19.0 
Salmon 67-77 0.3-14.0 21.5 
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It is important to identify and, subsequently, include in a model all relevant 
environmental parameters which affect microbial growth (i.e. hurdles) present in the 
foods of interest. Product-oriented approaches for the development of predictive 
models, i.e. based on observations in a system related to a specific food product, are 
essential in order to determine each important environmental parameter (Ross et al., 
2000). In this way parameters such as food structure are implicitly taken into 
consideration when predicting growth (Dalgaard, 2009). A validation study on 
predictive growth models for L. monocytogenes observed that when a sufficient number 
of environmental parameters is taken into account, the model performs better than less 
complex models (Mejlholm et al., 2010). Indeed, more complex is the food of interest, 
major is the number of environmental parameters that a model should take into account 
in order to represent the complexity of the specific food (Mejlholm et al., 2010). In this 
regard, the LmLAB model used in the present study was recently developed by 
expanding an existing microbial interaction model with additional inhibiting factors (i.e. 
nitrite, acetic, benzoic, citric and sorbic acids) in order to improve the model 
performance and to extend its range of applicability (Mejlholm and Dalgaard, 2015). 
This thesis aims to evaluate the performance of the new LmLAB model in order to 
examine if additional parameters (e.g. the partitioning coefficient of organic acids 
between the water and the lipid phase) should be included in the model in order to 
obtain better predictions and to increase its range of applicability (e.g. products with 
higher lipid content). In the previous version of the model, among the organic acids, 
only the effects of diacetate and lactic acid was taken into account. However, they are 
almost exclusively dissolved in the water phase of products (Brocklehurst and Wilson, 
2000). Thus, in that case it was not relevant to consider the partitioning of organic acids 
between the water and the lipid phase. Similarly, for foods with low lipid content it is 
not necessary to include a partitioning parameter since a very small proportion of 
preservatives would be dissolved in the lipid phase (Mejlholm and Dalgaard, 2015). On 
the contrary, for mayonnaise based salads with benzoic and sorbic acids, the prediction 
of the new version of the LmLAB model were improved taking into account the 
percentage of organic acids dissolved in the water phase (Mejlholm and Dalgaard, 
2015). Indeed, mayonnaise based salads have high lipid content and benzoic and sorbic 
acids, often used as preservatives, are highly soluble in the lipid phase. 
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In challenge test I no clear differences on microbial growth were observed 
within the same type of fish (salmon or cod) for treatments containing benzoic and 
sorbic acids with and without fish oil. Regarding LAB growth, comparable µmax values 
were observed and predicted, respectively, for treatments S2 and S3, and C2 and C3 
(Table 4.12). For L. monocytogenes no growth was observed in all treatments 
containing benzoic and sorbic acids but low growth was predicted in S2 (µmax 0.002 h
-1
) 
and S3 (µmax  0.004 h
-1
) and faster growth was predicted in C2 (µmax 0.020 h
-1




However, a modified version of the LmLAB model, which takes into account the 
partitioning of organic acids between the water and the lipid phase (Mejlholm and 
Dalgaard, 2015), was used to predict the LAB and L. monocytogenes growth in the 6 
treatments (Table 4.8) in order to identify possible improvements in model prediction. 
In table 4.14 are shown the concentrations of undissociated benzoic and sorbic acids in 
the water phase of the products determined by the model when the partitioning 
coefficient was and was not taken into account. The corresponding concentrations of 
undissociated lactic acid were not reported here since it is almost exclusively dissolved 
in the water phase and, thus, no differences were observed between the concentrations 
calculated by the classical and modified version of the LmLAB model. It is evident that 
for products with higher lipid content (i.e. S3>S2>C3) the concentration of benzoic and 
sorbic acids severely decreased when the partitioning coefficient between the lipid and 
the water phase was considered. In treatment C2, the low lipid content influenced the 
concentration of the organic acids in a less affecting manner (Table 4.14). 
Table 4.14 Concentrations of benzoic and sorbic acids calculated by the LmLAB model (Mejlholm and 
Dalgaard, 2015) when the partitioning coefficient between the lipid and the water phase of the products was 
and was not taken into account 
  Classical LmLAB model 
LmLAB model based on partitioning 
of organic acids between the lipid 
















S2 14.82±0.70 0.139 0.401 0.053 0.206 
S3 16.36±0.17 0.144 0.283 0.050 0.136 
C2 0.71±0.01 0.087 0.177 0.081 0.171 
C3 7.74±0.56 0.109 0.347 0.061 0.237 
 
The performance of the model was improved for LAB in salmon treatments 
including benzoic and sorbic acids (S2 and S3) when a lower concentration of the two 
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organic acids in the water phase was estimated (Table 4.15). For S1, containing only 
lactic acid, no change in predictions was observed. The average Bf for salmon treatments 
changed from 0.82 to 0.91 when µmax was predicted taking into account the partitioning 
of organic acids between the lipid and the water phase. As well as for LAB in treatment 
S1, no changes in µmax predictions were observed for LAB in C1 and for 
L. monocytogenes in S1 and C1, with no benzoic and sorbic acids. This occurred since 
lactic acid has a low solubility in the lipid phase and, hence, the estimated concentration 
was only slightly reduced by taking into account its partitioning between the lipid and 
the water phase. Similarly, in treatment C2 (including benzoic and sorbic acids) the 
LAB µmax predicted by the modified LmLAB model did not change due to its low lipid 
content. For treatment C3 (~8% lipid content), the growth of LAB was even more 
overestimated when lower concentrations of benzoic and sorbic acids were calculated, 
similarly to the predicted growth of L. monocytogenes in all treatments including 
benzoic and sorbic acids (see Tables 4.12 and 4.15 to compare µmax predicted by the 
classical LmLAB model and the modified LmLAB model).  
Table 4.15 Comparison of observed and predicted µmax values of lactic acid bacteria and L. monocytogenes in 
the 6 treatments of challenge test I by calculating bias/accuracy factor values. µmax values were predicted by 
the modified LmLAB model for L. monocytogenes and psychrotolerant Lactobacillus spp. based on 
partitioning of organic acids between the lipid and the water phase of the products (Mejlholm and Dalgaard, 
2015) 


















S1 0.110 0.078 
0.91/1.14 (n=3) a 
0.038 0.028 0.74/1.35 (n=1)
 a
 
S2 0.070 0.072 NG
b
 0.019  
S3 0.072 0.073 NG
b
 0.022  
C1 0.068 0.082 
1.24/1.24 (n=3) a 
0.011 0.032 2.88/2.88 (n=1)
 a
 
C2 0.058 0.071 NG
b
 0.021  
C3 0.056 0.073 NG
b
 0.021  
  Average 1.06/1.19 (n=6) a  Average 1.46/1.97 (n=6) a 
a
 Values in parentheses indicate the number of experiments used to calculate average bias and accuracy 
factor values 
b
NG: no growth observed (increase in concentration of L. monocytogenes< 0.5 Log (cfu/g)) 
 
Hence, the performance of the model was only improved for Lactobacillus spp. 
with respect to prediction of µmax values when partitioning of organic acids between the 
lipid and the water phase of salmon treatments (including benzoic and sorbic acids) was 
considered. On the basis of the results from challenge test I, it seems that partitioning of 
organic acids between the lipid and the water phase allows improving the performance 
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of the LmLAB model only for products with relatively high lipid content (~15%) 
including organic acids highly soluble in the lipid phase. 
Additional studies with cod products should be carried out in order to better understand 
if overestimated growth rates were obtained due to limitations of the model or related to 
characteristics, such as flesh structure, of this specific fish. 
4.3.3.1. Growth boundary 
The cardinal parameter secondary model for the growth rate and growth 
boundary of L. monocytogenes (Mejlholm and Dalgaard, 2009) was used to determine 
the growth limit of L. monocytogenes as a function of different combinations of benzoic 
and sorbic acids for the environmental parameters found in treatments S2 and C2 
(Figure 4.9). The growth boundary model predicts the individual as well as the 
interactive effect of acetic acid, benzoic acid, citric acid, diacetate, lactic acid, sorbic 
acid, temperature, CO2, NaCl, pH, smoke components and nitrite, on the growth 
boundary of L. monocytogenes. This model has been combined with the cardinal 
parameter secondary model for Lactobacillus spp. (Mejlholm and Dalgaard, 2013) to 
develop the LmLAB model used in the present study (Mejlholm and Dalgaard, 2015). 
The growth boundary is predicted when the combination of product characteristics and 
storage conditions results in µmax=0 (Dalgaard, 2009) and it is defined by ψ-value of 1.0. 
A ψ-value higher than 1.0 corresponds to no growth response predicted which means 
that the effect of the environmental parameters and their interaction prevents the 
microbial growth; on the contrary, a ψ-value lower than 1.0 correspond to growth 
response predicted (Mejlholm and Dalgaard, 2009). In both treatments S2 and C2 no 
growth of L. monocytogenes was observed throughout the storage period (Figures 4.5 
and 4.6), however, growth was predicted (ψ<1.0) (Figure 4.9). Incorrect predictions are 
usually divided into fail-safe (i.e. growth predicted when no growth is actually 
observed) and fail-dangerous (i.e.no growth predicted when growth is actually 
observed) (Mejlholm and Dalgaard, 2009). Thus, both incorrect predictions for 
L. monocytogenes were fail-safe. The psi value (ψ) is used to quantify how far specific 
combinations of product characteristics and storage conditions are from the predicted 
growth boundary (Mejlholm et al., 2010). The closer are the incorrect predictions (i.e. 
fail safe and fail dangerous) to the growth boundary, the better is the performance of the 
model (Mejlholm and Dalgaard, 2009). Predicted growth and no-growth responses 
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distant from and close to the growth boundary are identified by ψ < 0.5 or ψ >1.5 and 
0.75 <ψ> 1.25, respectively. Thus, despite the incorrect prediction, for treatment S2 the 
ψ-value was close to the growth boundary (ψ = 0.91), whereas for treatment C2 a ψ-
value of 0.56 indicates a worse model performance (Figure 4.9). For ψ-values close to 
1.0 (e.g. S2, ψ = 0.91) it is more likely that some incorrect predictions occur, even for 
an accurate model. However, for ψ-values far from the growth boundary (e.g. C2, 
ψ = 0.56), even a small percentage of incorrect predictions means that the model 
performance is poor (Mejlholm and Dalgaard, 2009). This confirms the results from the 
comparison of observed and predicted growth rates and growth curves in the 6 
treatments described in section 4.3.3: the LmLAB model performed better for 
treatments based on salmon than for treatments based on cod. 
 
Figure 4.9 Growth boundary of Listeria monocytogenes (blue line) predicted by using the growth and growth 
boundary model developed by Mejlholm and Dalgaard (2009). Growth and no-growth boundary depending on 
concentrations of benzoic and sorbic acids in the water phase was predicted. The default environmental 
parameters used were (a) 7.4 °C, 0.26% WPS, pH 6.04, 34.15% dry matter, 8504 ppm water phase lactic acid, 
35.7% CO2 in the headspace (treatment S2), (b) 7.4 °C, 0.13% WPS, pH 6.11, 20.96% dry matter, 5770 ppm 
water phase lactic acid, 37.1% CO2 in the headspace (treatment C2). Predicted growth of L. monocytogenes 
( ) based on concentrations of benzoic and sorbic acids corresponding to treatments S2 (a) and C2 (b) 
Validated growth boundary models have been suggested as important tools for 
food safety management and assessment (Mejlholm and Dalgaard, 2009). They leads to 
determine which combinations of environmental conditions and product formulations 
should be selected to ensure that no growth of a food-borne pathogen (e.g. 
L. monocytogenes) will occur in the food of interest (Dalgaard, 2009). For example, it is 
possible to determine the minimum concentrations of benzoic and sorbic acids that 
prevent the growth of L. monocytogenes (ψ > 1.0) when a mildly preserved product is 






















































accurate product formulations and storage conditions to guarantee stable and safe 
products despite the low amount of preservatives included. However, when a growth 
boundary model is used, the distance from the growth boundary, on the no-growth side, 
should be sufficiently far to ensure that no growth occurs taking into account the 
inherent variability of environmental conditions within production and storage of food 
products (Mejlholm and Dalgaard, 2009). For example it should be considered that a 
part of the added organic acids could evaporate or dissolve in the lipid phase during 
product shelf-life (Vermeulen et al., 2007). Predictive grow/no-growth models can be 
used to document the control of L. monocytogenes within the EU limit of 100 cfu/g in a 
given food product (Mejlholm et al., 2010). Indeed, EU Regulation EC 2073/2005 
indicates predictive mathematical models as tools to demonstrate if a food product is 
able or not able to support the growth of L. monocytogenes. 
4.4. Challenge test II 
4.4.1. Product characteristics and storage conditions 
In challenge test II the 4 treatments consisting of mayonnaise-based shrimp salad 
were inoculated with a mixture of 4 strains of L. monocytogenes and 4 strains of 
Lb. sakei (Table 4.16). Real mayonnaise and light mayonnaise were mixed at two 
different ratios with brined and drained shrimp in treatments SS1-SS2 and SS3-SS4, 
respectively. The samples were packed in modified atmosphere (40% CO2/ 60% N2) 
and stored at 12°C for 4 weeks.  
The average storage temperature recorded throughout the experiment was 
11.56 ± 0.35°C (n=3287). As shown by the average ± SD, little fluctuation in the 
storage temperature was observed. 
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The concentration of headspace gasses changed throughout time. The changes 
in % CO2 are shown in Figure 4.10. Raw data for changes in CO2, O2 and N2 are 
reported in Appendix 4. At day 0 the gas composition was measured only for treatments 
SS1 and SS3. This was composed by 37.50 ± 0.36% CO2, 0.13 ± 0.07% O2, 
62.37 ± 0.35% N2 in SS1 and 36.07 ± 1.59% CO2, 0.47 ± 0.68% O2, 63.43 ± 0.95% N2 
in SS3. It was assumed that treatment SS2 had the same initial gas composition as SS1, 
and SS4 the same initial gas composition as SS3. After packaging, part of CO2 
dissolved into the products until the equilibrium concentration was reached. 
Subsequently, CO2 increased in all the products. The highest increase in CO2 was 
observed in the products containing real mayonnaise (SS1 and SS2). A concentration of 
approximately 40% and 38% was reached after 21 days in SS1 and SS2, respectively. 
The lowest level of CO2 reached at the end of the storage (~34% CO2) was observed in 
treatment SS3.  
 
The average O2 content never exceeded 1% during the storage, thanks to the low 
gas permeability of the wrapping materials. 
The results from chemical analyses made on the shrimp salads from day 0 are 
shown in Tables 4.17 and 4.18. Raw data are reported in Appendix 4.  
Table 4.17 Product characteristics determined by chemical methods ± SD, of treatments SS1, SS2, SS3 and 
SS4. All characteristics were measured at day 0. 
Code pH  % WPS % Dry matter % Lipid 
SS1 5.47±0.01 2.30±0.06 36.94±1.35 23.00±0.53 
SS2 5.73±0.00 2.21±0.07 29.61±0.60 13.92±0.94 
SS3 5.25±0.09 2.09±0.07 20.81±0.36 3.79±0.70 























Figure 4.10 Changes in CO2 
concentration within the package 
headspace of mayonnaise-based 
shrimp salad (treatments SS1, SS2, 





As expected, the treatments with light mayonnaise (SS3 and SS4) had the lowest 
lipid content and percentage of dry matter and the treatments with 80% brined and 
drained shrimp (SS2 and SS4) displayed lower lipid content and percentage of dry 
matter than treatments with 60% brined and drained shrimp (SS1 and SS3).  
Table 4.18 Results from HPLC analysis ± SD of treatments SS1, SS2, SS3 and SS3 carried out at day 0 
 Organic acids in the water phase (ppm) 
Code Acetic acid Benzoic acid Citric acid Lactic acid 
Sorbic 
acid 
SS1 507±66 1060±114 4428±515 913±154 815±78 
SS2 235±39 935±136 4103±723 597±170 499±68 
SS3 1748±186 1137±17 3770±173 1085±68 648±15 
SS4 993±58 1116±35 4342±163 882±49 542±23 
 
The lowest level of pH and % WPS was measured in treatment SS3. All 
products contained acetic, benzoic, citric, lactic and sorbic acids. Treatment SS2 
showed the highest level of pH and the lowest level of acetic, benzoic, lactic and sorbic 
acids detected. The concentration of acetic and benzoic acids was observed to be lower 
in the shrimp salads containing real mayonnaise (SS1 and SS2). The highest 
concentration of acetic, benzoic and lactic acids measured in treatment SS3 
corresponded to the lowest level of pH. Since all treatments contained the same type of 
brined and drained shrimp, it is likely that the content of acetic acid was higher in light 
mayonnaise as compared to real mayonnaise. 
4.4.2. Microbial changes during storage 
The concentration of total aerobic viable counts, lactic acid bacteria and 
L. monocytogenes recorded during the storage of shrimp salads is presented as growth 
curves in Figure 4.11. The growth curves are based on 3 measurements for each 
treatment at each sampling time (day) and raw data are shown in Appendix 4.  
At day 0, only treatments SS1 and SS3 were analysed by microbiological 
methods. It was assumed that treatment SS2 had the same initial microbial 
concentration as SS1, and SS4 the same initial microbial concentration as SS3. As well 
as in challenge test I, the desired concentration of the inoculum was 3 Log cfu/g for 
L. monocytogenes and 1 Log cfu/g for Lb. sakei. The actual level detected at day 0 was 
slightly higher, being ~3.8 Log (cfu/g) (L. monocytogenes) and ~2.5 Log (cfu/g) (LAB). 
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The initial concentration of total aerobic viable count (LH) was 3.91 ± 0.05 Log cfu/g 
for products with real mayonnaise and 3.76 ± 0.10 Log cfu/g for products with light 
mayonnaise.  
The mayonnaise-based shrimp salads did not support growth of 
L. monocytogenes during 21 days of storage. 
Table 4.19 Growth parameters of LAB and L. monocytogenes (Lag phase and µmax) in challenge test II 
determined from fitted experimental data using the Logistic model with/without lag phase. No growth of 
L. monocytogenes occurred in all treatments. 
 Growth of LAB-observed Growth of L. monocytogenes-observed 

























NG: no growth observed (increase in concentration of L. monocytogenes< 0.5 Log (cfu/g)) 
 
In Table 4.19 are reported the growth parameters of LAB and L. monocytogenes 
in the 4 treatments. As well as for challenge test I, experimental growth data were fitted 
to a Logistic model with or without delay (i.e. lag phase) using the Solver add-in in MS-
Excel (Figure 4.4). Lag phase (days) and µmax (1/h) were estimated from fitted data. 
Lactic acid bacteria grew without a lag phase in all products, but their growth 
curves displayed evident differences between treatments (Table 4.19 and Figure 4.11). 
LAB growth in treatments based on light mayonnaise occurred slower than in SS1 and 
SS2. In particular, in treatment SS3, having the lowest pH and % WPS, LAB grew with 
a growth rate of 0.031 h
-1
 and no stationary phase was reached during 21 days. In the 
other 3 treatments, the stationary phase, around 10
8
 cfu/g, was reached during the 
sampling period. 
Clearly, LAB became the predominant microbiota in all 4 treatments within time and 
the concentration of LAB and total aerobic viable counts increased at the same growth 
rate after 3 days of storage in SS1, SS2, SS3 and after 10 days in SS4 (Figure 4.11). An 
increased production of CO2 was probably caused by the high concentrations of LAB in 
all treatments. The highest increase in CO2 was observed in the products containing real 
mayonnaise (Figure 4.10), where LAB grew faster than in the ones containing light 
mayonnaise. 
Unlike this study, Mejlholm and Dalgaard (2015) observed growth of 
L. monocytogenes in 19 experiments with inoculated mayonnaise-based shrimp salads, 
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including (i) acetic, benzoic, citric and sorbic acids and (ii) acetic and lactic acids, 
stored under MAP or air at constant temperatures between 5 and 12°C. 
L. monocytogenes was inoculated together with Lb. sakei. L. monocytogenes grew, 
albeit at a very low growth rate (0.002 h
-1
), even in shrimp salad at pH 5.2 and stored in 
MAP at 7.4°C. Other studies also reported growth of L. monocytogenes in mayonnaise-
based salad stored at temperature below 12 °C (Hwang and Tamplin, 2005; Uyttendaele 
et al., 2009; Skalina and Nikolajeva, 2010).  
 
 
Figure 4.11 Growth of L. monocytogenes (Palcam), lactic acid bacteria (NAP) and total aerobic viable counts 
(Long & Hammer) in mayonnaise-based shrimp salads packed in modified atmosphere: treatments SS1, SS2, 
SS3 and SS4. The growth curves are presented in Log cfu/g ± SD over time (days) 
Vermeulen et al. (2007) estimated that acetic acid, even at small concentrations 
(2000 ppm), has a strong inhibitory effect on growth of L. monocytogenes in 
mayonnaise-surimi salad. It was also found that benzoic and sorbic acids concentrations 
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under conditions simulating mayonnaise-based salads (pH 5.6 and aw 0.985) 
(Vermeulen et al., 2007). In this study, growth of L. monocytogenes was prevented in 
MAP shrimp salad at pH 5.7 during 21 days of storage at 11.56°C. This indicated that 
the salad made by mixing commercial ingredients prevented growth of the pathogen.  
4.4.3. Evaluation of models for L. monocytogenes and Lactobacillus spp. 
The cardinal parameter secondary model for the growth rate and growth 
boundary of L. monocytogenes and psychrotolerant Lactobacillus spp. (LmLAB model) 
(Mejlholm and Dalgaard, 2015) was used to predict growth of L. monocytogenes and 
LAB in the 4 mayonnaise-based shrimp salads including acetic, benzoic, citric, lactic 
and sorbic acids (see section 1.5.2 and 4.3.3 regarding the LmLAB model). Ten 
environmental parameters, including storage conditions and product characteristics 
determined for each treatment, were used as input data together with the initial level of 
L. monocytogenes and LAB determined by plate counting. 
Table 4.20 Comparison of observed and predicted µmax values of lactic acid bacteria in mayonnaise-based 
shrimp salad by calculation of bias/accuracy factor values. µmax values were predicted by the combined 
LmLAB model for L. monocytogenes and psychrotolerant Lactobacillus spp. when the partitioning coefficient 
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LmLAB model based on partitioning of 
















 0.085 1.08/1.18 
(n=2)
a
 SS2 0.080 0.082  0.102 




 0.029 0.93/1.07 
(n=2)
a
 SS4 0.066 0.052  0.061 
  Average 0.67/1.51 (n=4)
a
  Average 1.01/1.13 (n=4)
a
 
a Values in parentheses indicate the number of experiments used to calculate average bias and accuracy factor values 
 
No-growth of L. monocytogenes was correctly predicted in treatments SS1, SS3 
and SS4, whereas very low growth was predicted in treatment SS2 (µmax=0.005 h
-1
) 
(Figure 4.12). Thus, the only incorrect prediction was fail-safe. SS2 was the treatment 
with the highest level of pH (pH 5.73) and the lowest level of acetic, benzoic, lactic and 
sorbic acids detected. Mejlholm and Dalgaard (2015) in a challenge test on mayonnaise-
based shrimp salad, where L. monocytogenes grew in all experiments (n=19), observed 
a high percentage (57%) of incorrect predictions. All incorrect predictions were fail 
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dangerous and were related to shrimp salad with pH lower than 6.0, whereas at pH 
higher than 6.0 the growth of L. monocytogenes was correctly predicted. Unlike the 
experiments of Mejlholm and Dalgaard (2015), in the present study L. monocytogenes 
did not grow in the shrimp salads. However it can be noticed that 75% of the predictions 





Figure 4.12 Comparison of observed and predicted growth of LAB and L. monocytogenes during storage of 
mayonnaise-based shrimp salad (treatments SS1, SS2, SS3 and SS$). Observed growth data were collected by 
plate count on NAP (LAB, LAB observed) and Palcam agar (L. monocytogenes, Lm observed). Growth of LAB 
and L. monocytogenes were predicted using the LmLAB model (Mejlholm and Dalgaard, 2015).  
Regarding lactic acid bacteria, average Bf and Af values of 0.67 and 1.51 were 
obtained for the 4 treatments (Table 4.20). The best agreement between observed and 
predicted growth curves was observed for treatment SS2 (80% shrimp and 20% real 
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(Figure 4.12). It can be noticed that the growth of LAB was severely underestimated in 
the shrimp salads composed by 60% brined and drained shrimp and 40% mayonnaise, 
real and light (SS1 and SS3). Similarly, Mejlholm and Dalgaard (2015) observed that 
LAB grew faster than the predicted growth by the LmLAB model. They reported 
average Bf and Af values of 0.74 and 1.36 for Lb. sakei in mayonnaise-based shrimp 
salad including (i) acetic, benzoic, citric and sorbic acids, and (ii) acetic and lactic acids. 
However, as explained in section 4.3.3, the model performance was improved when 
partitioning of organic acids between the lipid and the water phase was taken into 
account, especially for shrimp salads with organic acids highly soluble in the lipid 
phase. The estimated Bf and Af values were 0.88 and 1.15 for shrimp salad with acetic, 
benzoic, citric and sorbic acids and the predicted µmax values on average were 12% 
slower than observed µmax values (Mejlholm and Dalgaard, 2015).  
When the modified version of the LmLAB model, which takes into account the 
partitioning of organic acids between the water and the lipid phase (Mejlholm and 
Dalgaard, 2015), was used to predict LAB growth in mayonnaise-based shrimp salads 
(SS1, SS2, SS3 and SS4), the performance of the model was markedly improved. 
Average Bf and Af values of 1.01 and 1.13 (Table 4.20) indicated a good performance. A 
better agreement between observations and predictions was obtained in comparison 
with the results from Mejlholm and Dalgaard (2015). Thus, it seems reasonable to 
consider the concentration of undissociated organic acids in the water phase of the 
products in order to better predict growth of lactic acids bacteria in mayonnaise-based 
shrimp salads. In the present study the mayonnaise-based shrimp salads were made by 
mixing commercial ingredients (i.e. brined shrimp, real mayonnaise, light mayonnaise) 
(see section 3.4.1), whereas in the study of Mejlholm and Dalgaard (2015) both brined 
shrimp and mayonnaise were made during the experimental phase. This could be 
interpreted positively as more real conditions were utilized for LmLAB model 
validation in the present study. Challenge tests with artificially contaminated foods very 
similar to real situations are preferable in order to accurately validate a microbial 
growth model. Finally, storage trials with naturally contaminated products, representing 
more precisely real conditions, are necessary to assess the capacity of a model.  
In contrast with the results from challenge test I, the performance of the model 
when partitioning of organic acids between the lipid and the water phase was taken into 
account, was not linked with the lipid content. For shrimp salad the model performance 
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was improved in products with both real (SS1 and SS2) and light (SS3 and SS4) 
mayonnaise i.e. with high (> 14%) and low (< 4%) lipid content, respectively. In 
challenge test I the predictions were improved only in treatments based on salmon, 
which contained lipid content higher than 15%. No improvements were observed for 
treatments based on cod, neither for C3 with added fish oil and 7.7% lipid content. 
Hence, it seems that other reasons are involved in the less consistent performance of the 
LmLAB model for products based on cod filets (see section 4.3.3). Probably, an 
accurate predictive model specifically developed for products based on cod could avoid 
unacceptable model performance, since it will implicitly take into account e.g. cod 
structure and/or composition. It should also be mentioned that the present study was not 
designed to extend the range of applicability of the LmLAB model to products based on 
cod. Cod fillets were mainly chosen as seafood product having low lipid content, in 
contrast to salmon fillets which have a relatively high one, in order to investigate 
whether the lipid content in a product affects extensively the antimicrobial effect of 
organic acids, so to eventually consider its role in a predictive model.  
Microbial spoilage model for fresh MAP cod filets have already been developed 
(Dalgaard et al., 1997). The model predicts growth of Photobacterium phosphoreum 
since it is the specific spoilage organism (SSO) that limits shelf-life of fresh cod when 
stored in modified atmosphere packaging (MAP) (Dalgaard et al., 1993; Dalgaard, 
1995b). However, the cod filets used in the present study were thawed and 
P. phosphoreum is inactivated by frozen storage, hence they did not support its growth 
(Guldager et al., 1998; Emborg et al., 2002). 
Despite the good model performance found in the present study for growth of 
psychrotolerant Lactobacillus spp. in mayonnaise-based shrimp salads, further 
validation studies e.g. in naturally contaminated mayonnaise-based fish salads are 
needed. Mejlholm and Dalgaard (2013) suggested that Bf and Af values should be 
calculated based on data from at least 20 experiments in order to accurately evaluate a 
model. 
4.5. Bioscreen 
By using the Bioscreen C instrument, 184 L. monocytogenes growth curves were 
obtained, and their µmax values were estimated from absorbance detection times (DT) 
defined as increase in absorbance (at 540 nm) of 0.1.  
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The aim of the experiment was to determine MIC values of acetic and benzoic 
acids against L. monocytogenes in BHI broth (pH 6.0) with and without addition of fish 
oil at 12°C. 
As expected, no increase in absorbance was observed in non-inoculated wells 
(i.e. blank). In five treatments an increase in absorbance < 0.1 was detected, hence, they 
were not considered during µmax values estimation. The following treatments were not 
considered: BHI broth with fish oil and 0.09% benzoic acid with inoculum level of 10
3 
cfu/g (one duplicate) and 10
4
 cfu/g (one duplicate), and BHI broth with fish oil and 
0.07% benzoic acid with inoculum level of 10
2
 cfu/g (one duplicate) and 10
3





Despite, individually, each of the determined µmax values were acceptable, it was 
only possible to determine MIC values for benzoic acid with and without fish oil and 
acetic acid with fish oil. For acetic acid without fish oil it was not possible to determine 
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c Figure 4.13 Square-root transformed 
maximum specific growth rate 
(µmax 1/h) of Listeria monocytogenes in 
BHI broth at 12°C in presence of 
undissociated benzoic acid (a), 
undissociated benzoic acid and fish oil 
(b) and undissociated acetic acid and 
fish oil (c). Minimum inhibitory 
concentrations (MIC values) were 
estimated by simple linear regression 
of the observed data ( ). The solid 





µmax values against the concentration (mM) of the acetic acid had a positive slope and 
subsequently it was not possible to determine the concentration (mM) of acetic acid 
when      =0 (i.e. MIC value).  
The estimated MICs were 0.51, 0.38 and 26.7 mM for benzoic acid, benzoic acid 
in treatments with fish oil and acetic acid in treatments with fish oil, respectively. 
For benzoic acid the MIC value was lowest for treatments with fish oil which 
was the opposite of what was expected. Indeed, benzoic acid has a high solubility in the 
lipid phase. It was expected that in treatments with fish oil a smaller amount of the 
organic acid was in the water phase and, subsequently, affected to a lesser extent the 
growth of L. monocytogenes, in comparison with treatments without fish oil. At the 
same concentration of benzoic acid, it was expected that L. monocytogenes grew faster 
when a small amount of the organic acid was in the water phase (i.e. in treatments with 
fish oil) and, subsequently, the MIC value should have been higher in treatment with 
fish oil than in treatments without.  
In order to better understand if different amounts of lipid affect the minimum 
inhibitory concentration of organic acids highly soluble in the lipid phase, further 
studies are needed. During the experimental period, the method should have been 
optimized and the experiment repeated. 
In general, estimation of kinetic growth parameters from absorbance 
measurements has the advantages to be rapid, inexpensive and non-destructive 
(Dalgaard and Koutsoumanis, 2001). The method described by Dalgaard and 
Koutsoumanis (2001) is used to determine kinetic growth parameters (µmax and lag 
time) from absorbance detection times (DT) of serially diluted cultures in order to e.g. 
study the effect of preservatives on microbial growth and to develop predictive models 
(Dalgaard and Koutsoumanis, 2001). For example, Mejlholm and Dalgaard (2009) 
determined MICs (mM) of undissociated acetic, benzoic, citric and sorbic acids against 
L. monocytogenes to be used as cardinal parameter values in their model for 
L. monocytogenes. The MICs were estimated using the same procedure used in the 
present study in BHI broth at 8°C. The MICs for undissociated acetic and benzoic acids 





On the basis of this study we concluded that partitioning of organic acids 
between the lipid and the water phase of food should be included in the LmLAB model 
in order to improve the model performance and to increase the range of applicability. 
The LmLAB model performed markedly better with respect to prediction of µmax values 
when partitioning of organic acids between the lipid and the water phase of salmon 
products and mayonnaise-based shrimp salad (including benzoic and sorbic acids) was 
considered. However, further validation studies in naturally contaminated products (e.g. 
mayonnaise-based seafood salads) are needed to confirm the good model performance. 
The modified LmLAB model could be used to predict growth of 
L. monocytogenes and psychrotolerant LAB in processed seafood and mayonnaise-
based seafood salads regardless of pH in the products. The modified LmLAB model 
could be used in practical situations in relation to food quality and safety assessment 
and management during e.g. product innovation. In this regard, the modified LmLAB 
model should be included in the Food Spoilage and Safety Predictor (FSSP) to enable 
users (e.g. industries) to simplify its application. Currently, the LmLAB model is 
included in the FSSP, however, such version does not consider the partitioning 
coefficient of organic acids between the lipid and the water phase and its range of 
applicability is limited to processed seafood and mayonnaise-based seafood salads with 
pH higher than 6.0. 
In this study it was observed that growth of L. monocytogenes, the major 
pathogen of concern for lightly preserved seafood, was controlled in mayonnaise-based 
shrimp salad (pH < 5.7) stored in modified atmosphere at 12°C during 21 days of 
storage. Furthermore, the content of benzoic and sorbic acids above the EU limit of 
2000 ppm inhibited growth of L. monocytogenes in MAP salmon and cod filets with 
added lactic acid (pH ≥ 6.0). L. monocytogenes was able to grow in salmon and cod 
filets with concentration of lactic acid in the water phase as high as 9500 ppm. This 
implicates that if chemical preservatives, such as benzoic and sorbic acids, are omitted 
from product formulations the risk of growth of L. monocytogenes increases critically.  
There were no evident differences regarding the antimicrobial effect of organic 
acids against L. monocytogenes in products with low and high lipid content, since 
similar growth behaviours of L. monocytogenes were observed in products with lipid 
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percentage ranging from 0.71 to 23%. Furthermore, it seems that MIC values for 
benzoic acids against L. monocytogenes are not affected by the lipid content. However, 
further studies are needed in order to better understand if different amounts of lipid 
affect the minimum inhibitory concentration of organic acids highly soluble in the lipid 
phase. 
In conclusion, our results confirmed that predictive models with a degree of 
complexity that match the complexity of the food environment can successfully predict 
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Appendix 1: Raw data from the pre-experiment 
SENSORY ANALYSIS 
 
Evaluation scale:  
1: Acceptable (no obvious changes in appearance and/or smell/odour) 
2: Acceptable (minor changes in appearance and smell/odour)  
3: Unacceptable (clear changes in appearance and smell/odour ~ sensory rejection)  
 
Day 0 
Code Sample Appearence Smell/odour Evaluation 
S 1 Normal normal 1 
 
2 Normal normal 1 
 
3 Normal normal 1 
     
C 1 bloody/stains normal 1 
 
2 Normal normal 1 
 
3 Normal normal 1 
 
Day 7 
Code Sample Appearence Smell/odour Evaluation 
S 1 a little more brown
1
 neutral 1 
 
2 less orange, more pale
1




 neutral 1 
     




2 Normal normal 1 
 
3 Normal slight fishy smell >1 
1 
Than fresh sample 
 
Day 14 
Code Sample Appearence Smell/odour Evaluation  
S 1 a little more brown, more pale
1
 fishy smell 2-3 
 
2 




worse fishy smell than 
sample 1and 3 
3 
 
3 very pale fishy smell 2-3 
     
C 1 wither
1











pink-brown on a side, whiter 
on the other side
1
 










Code Sample pH AVG SD 






     









  CO2 (%)   
Code Time total (days) 1 2 3 AVG SD 
S 0.0 43.10 42.10 42.20 42.47 0.55 
 7.0 31.10 31.20 32.00 31.43 0.49 
 14.0 35.20 35.20 32.40 34.27 1.62 
 
C 0.0 38.20 42.20 36.70 39.03 2.84 
 7.0 26.50 27.60 24.80 26.30 1.41 
 14.0 26.50 27.90 22.80 25.73 2.64 
 
Percentage O2 
  O2 (%)   
Code Time total (days) 1 2 3 AVG SD 
S 0.0 0.07 0.07 0.07 0.07 0.00 
 7.0 0.10 0.07 0.06 0.08 0.02 
 14.0 0.00 0.00 0.00 0.00 0.00 
 
C 0.0 0.09 0.10 2.38 0.86 1.32 
 7.0 0.09 0.10 0.08 0.09 0.01 
 14.0 0.15 0.06 0.02 0.07 0.07 
 
Percentage N2 
  N2 (%)   
Code Time total (days) 1 2 3 AVG SD 
S 0.0 56.80 57.80 57.70 57.43 0.55 
 7.0 68.80 68.80 67.90 68.50 0.52 
 14.0 64.80 64.80 67.60 65.73 1.62 
 
C 0.0 61.70 57.70 60.90 60.10 2.12 
 7.0 73.40 72.30 75.10 73.60 1.41 





Colony count was Log-transformed. The mean of Log (cfu/g) counts for three determinations for each 
product code was calculated. 
Only plates with 10 to 300 colonies were taken into account. If it was necessary to count plates with more 
or less colonies, it is stated by colour codes: 
 > 300 cfu 
 < 10 cfu 
 
Code Time total  
(days) 
 
Aerobic plate count on LH 
 






1 2 3 AVG SD 
 
1 2 3 AVG SD 
S 0.0 
 
3.63 3.36 3.46 3.48 0.14 
 
- - 0.99 0.99 - 
 7.0 
 
6.85 6.87 6.16 6.63 0.40 
 
4.98 4.72 4.56 4.75 0.21 
 14.0 
 
8.62 8.68 8.39 8.56 0.16 
 
7.32 7.34 7.34 7.34 0.01 
              
C 0.0 
 
4.43 4.61 4.62 4.55 0.11 
 
- - - - - 
 7.0 
 
5.38 5.47 5.02 5.29 0.24 
 
3.44 2.36 1.78 2.52 0.84 
 14.0 
 
7.91 6.29 7.71 7.30 0.88 
 



















a b c AVG SD 
Salmon S1 0 0 0 6.32 6.35 6.36 6.35 0.02 
 
S2 0 0.1 0 6.32 6.34 6.33 6.33 0.01 
 
S3 0 0 0.1 6.36 6.37 6.35 6.36 0.01 
 
S4 0 0.05 0.05 6.35 6.35 6.39 6.36 0.02 
 
S5 0 0.1 0.1 6.37 6.35 6.34 6.35 0.01 
 
S6 0.1 0 0 6.35 6.35 6.35 6.35 0.00 
 
S7 0.1 0.1 0 6.36 6.35 6.34 6.35 0.01 
 
S8 0.1 0 0.1 6.37 6.38 6.39 6.38 0.01 
 
S9 0.1 0.05 0.05 6.35 6.36 6.34 6.35 0.01 
 
S10 0.1 0.1 0.1 6.33 6.33 6.34 6.34 0.00 
 
S11 0.2 0 0 6.344 6.34 6.35 6.34 0.01 
 
S12 0.2 0.1 0 6.342 6.358 6.346 6.35 0.01 
 
S13 0.2 0 0.1 6.353 6.355 6.356 6.35 0.00 
 
S14 0.2 0.05 0.05 6.351 6.352 6.356 6.35 0.00 
 
S15 0.2 0.1 0.1 6.351 6.347 6.347 6.35 0.00 
          
Cod C1 0 0 0 6.56 6.56 6.56 6.56 0.00 
 
C2 0 0.1 0 6.56 6.53 6.56 6.55 0.02 
 
C3 0 0 0.1 6.57 6.58 6.58 6.58 0.00 
 
C4 0 0.05 0.05 6.53 6.55 6.54 6.54 0.01 
 
C5 0 0.1 0.1 6.60 6.60 6.60 6.60 0.00 
 
C6 0.1 0 0 6.58 6.57 6.58 6.58 0.00 
 
C7 0.1 0.1 0 6.58 6.56 6.54 6.56 0.02 
 
C8 0.1 0 0.1 6.57 6.58 6.57 6.57 0.00 
 
C9 0.1 0.05 0.05 6.564 6.569 6.57 6.57 0.00 
 
C10 0.1 0.1 0.1 6.577 6.538 6.56 6.56 0.02 
 
C11 0.2 0 0 6.557 6.526 6.539 6.54 0.02 
 
C12 0.2 0.1 0 6.568 6.524 6.53 6.54 0.02 
 
C13 0.2 0 0.1 6.553 6.559 6.547 6.55 0.01 
 
C14 0.2 0.05 0.05 6.528 6.522 6.523 6.52 0.00 
 




Third experiment pH 
Product Code Lactic acid (% w/w) a b c AVG SD 
Salmon S24 0 6.31 6.33 6.32 6.32 0.01 
 
S25 0.1 6.08 6.11 6.00 6.06 0.05 
 
S26 0.15 6.01 5.96 5.68 5.88 0.18 
 
S27 0.2 6.10 5.76 5.82 5.89 0.18 
 
S28 0.25 5.63 5.58 5.40 5.54 0.12 
        
Cod C24 0 6.43 6.44 6.44 6.44 0.01 
 
C25 0.1 6.08 5.85 6.26 6.06 0.21 
 
C26 0.15 5.91 5.98 5.54 5.81 0.23 
 
C27 0.2 6.02 6.06 5.74 5.94 0.18 
 






Lactic acid  
(% w/w) 
Citric acid  
(% w/w) 
a b c AVG SD 
Salmon S16 0.25 0 5.94 5.33 5.89 5.72 0.34 
 
S17 0.5 0 5.27 4.88 5.21 5.12 0.21 
 
S18 0.75 0 4.93 5.06 4.86 4.95 0.10 
 
S19 1 0 4.43 4.79 4.44 4.55 0.21 
 
S20 0 0.15 6.35 6.33 6.30 6.33 0.03 
 
S21 0 0.3 6.36 6.38 6.32 6.35 0.03 
 
S22 0 0.45 6.37 6.36 6.34 6.36 0.02 
 
S23 0 0.6 6.44 6.38 6.41 6.41 0.03 
         
Cod C16 0.25 0 5.60 5.55 5.70 5.62 0.08 
 
C17 0.5 0 5.20 5.24 5.57 5.34 0.20 
 
C18 0.75 0 4.44 5.11 4.64 4.73 0.34 
 
C19 1 0 4.54 4.69 5.24 4.82 0.37 
 
C20 0 0.15 6.62 6.60 6.04 6.42 0.33 
 
C21 0 0.3 6.58 6.59 6.58 6.58 0.01 
 
C22 0 0.45 6.62 6.60 6.60 6.61 0.01 
 
C23 0 0.6 6.63 6.65 6.65 6.64 0.01 
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Appendix 3: Raw data from the challenge test I 
CHEMICAL ANALYSES  








% Dry matter AVG SD 
S1 A 19.92238 21.80761 20.59926 35.90 
34.75 1.61 
 
B 20.35636 22.50347 21.1171 35.43 
 
C 19.74081 21.51608 20.32504 32.91 
S2 A 18.95459 20.61562 19.52317 34.23 
34.15 0.73 
 
B 18.6264 20.48152 19.24561 33.38 
 
C 19.15586 21.03548 19.81063 34.84 
S3 A 21.10284 23.00713 21.80665 36.96 
36.54 0.39 
 
B 20.2533 22.10623 20.92379 36.19 
 
C 17.80304 19.5049 18.42384 36.48 
C1 A 19.315 21.05676 19.70411 22.34 
23.01 0.76 
 
B 18.81686 20.48629 19.19839 22.85 
 
C 19.18203 21.11308 19.64233 23.84 
C2 A 18.88211 20.65648 19.27178 21.96 
20.96 0.93 
 
B 18.9051 20.53074 19.23215 20.12 
 
C 19.91805 21.62569 20.27349 20.81 
C3 A 18.71754 20.71745 19.30936 29.59 
30.05 0.51 
 
B 19.54762 21.40447 20.11582 30.60 
 
C 18.60405 21.46886 19.46237 29.96 
 










% Lipid AVG SD 
S1 A 18.7721 9.99 11.07 19.1249 13.51 
13.69 0.25 
 
B 18.7163 9.56 10.17 19.0347 13.86 
S2 A 18.9586 12.13 7.00 19.2432 14.32 
14.82 0.70 
 
B 18.8153 9.59 6.74 19.0483 15.31 
S3 A 19.9211 10.65 6.98 20.2076 16.48 
16.36 0.17 
 
B 19.3806 9.55 8.80 19.7013 16.24 
C1 A 18.6031 14.72 7.75 18.6275 0.88 
0.75 0.19 
 
B 18.1388 15.22 8.09 18.1573 0.62 
C2 A 19.3140 15.77 7.56 19.3345 0.71 
0.71 0.01 
 
B 18.8575 14.86 6.48 18.8743 0.72 
C3 A 20.3550 9.94 8.90 20.5106 7.34 
7.74 0.56 
 




pH measurements  
Code Sample Day pH AVG SD Day pH AVG SD 





B 0 6.00 29 6.13 
 










B 0 6.05 26 5.65 
 
C 0 6.04 26 5.67 





B 0 6.07 26 5.68 
 
C 0 6.08 26 5.72 





B 0 6.12 29 6.49 
 
C 0 6.03 29 6.55 





B 0 6.09 27 5.61 
 
C 0 6.10 27 5.65 





B 0 6.13 27 5.70 
 
C 0 6.11 27 5.74 
a
 NM = not measured 










% NaCl in the water phase=%WPS 
%WPS AVG SD 
S1 A 2.13 0.442 0.12 35.90 0.19 
0.25 0.06 
 
B 2.01 0.600 0.17 35.43 0.26 
 
C 1.95 0.696 0.21 32.91 0.31 
S2 A 1.98 0.569 0.17 34.23 0.26 
0.26 0.02 
 
B 2.31 0.772 0.19 33.38 0.28 
 
C 2.10 0.576 0.16 34.84 0.24 
S3 A 2.16 0.420 0.11 36.96 0.17 
0.24 0.06 
 
B 2.08 0.593 0.16 36.19 0.25 
 
C 1.99 0.673 0.19 36.48 0.30 
C1 A 1.96 0.190 0.06 22.34 0.08 
0.10 0.06 
 
B 1.98 0.449 0.13 22.85 0.17 
 
C 2.13 0.136 0.04 23.84 0.05 
C2 A 2.14 0.452 0.12 21.96 0.15 
0.13 0.03 
 
B 2.12 0.261 0.07 20.12 0.09 
 
C 1.96 0.371 0.11 20.81 0.14 
C3 A 1.98 0.320 0.09 29.59 0.13 
0.13 0.03 
 
B 2.00 0.385 0.11 30.60 0.16 
 




HPLC-Lactic acid concentration-Day 0 





in the vial 
ppm in the 
sample 
AVG SD 
ppm in the  
water phase 
AVG SD 




 A.b 1391.75 658.9 6224 5967 364 9711 
S1 B.a 1161.94 550.1 5326 
  
8248 
 B.b 1429.21 676.6 6526 5926 849 10108 
S1 C.a 1359.79 643.7 6191 
  
9228 
 C.b 1632.08 772.6 7309 6750 791 10894 




 A.b 1290.75 611.1 5912 5693 310 8990 
S2 B.a 1313.89 622.0 5871 
  
8812 
 B.b 1431.79 677.8 6386 6128 364 9585 
S2 C.a 948.91 449.2 4226 
  
6485 
 C.b 1261.62 597.3 5754 4990 1081 8830 




 A.b 1559.01 738.1 6952 6089 1221 11028 
S3 B.a 1021.47 483.6 4669 
  
7317 
 B.b 1191.10 563.9 5345 5007 478 8376 
S3 C.a 1145.82 542.4 5266 
  
8290 
 C.b 992.13 469.7 4534 4900 518 7138 
 
HPLC-Lactic acid concentration-Day 0 





in the vial 
ppm in the 
sample 
AVG STD 
ppm in the  
water phase 
AVG SD 




 A.b 989.41 455.1 4425 4638 302 5697 
C1 B.a 1215.03 558.8 5352 
  
6938 
 B.b 1239.49 570.1 5601 5477 176 7261 
C1 C.a 1218.01 560.2 5428 
  
7127 
 C.b 1067.71 491.1 4707 5068 510 6180 




 A.b 1173.49 539.7 5269 4961 436 6752 
C2 B.a 1098.64 505.3 4970 
  
6221 
 B.b 1056.45 485.9 4788 4879 129 5993 
C2 C.a 742.01 341.3 3336 
  
4212 
 C.b 955.08 439.3 4341 3838 711 5482 




 A.b 1387.32 638.1 6169 5171 1411 8762 
C3 B.a 1052.32 484.0 4623 
  
6662 
 B.b 961.80 442.4 4304 4464 226 6202 
C3 C.a 904.60 416.1 4036 
  
5762 





HPLC-Benzoic acid concentration-Day 0 





in the vial 
ppm in the 
sample 
AVG  SD  
ppm in the 
water phase  
AVG SD 
S1 A.a - - - - - - 
- - 
 A.b - - - - - - 
S1 B.a - - - - - - 
 B.b - - - - - - 
S1 C.a - - - - - - 
 C.b - - - - - - 




 A.b 6695.92 87.5  846.3  797 69 1287 
S2 B.a 6613.16 86.4  815.3  
  
1224 
 B.b 7118.79 93.0  876.1  846 43 1315 
S2 C.a 5657.08 73.9  695.1  
  
1067 
 C.b 6705.83 87.6  843.9  769 105 1295 




 A.b 9504.12 124.1  1.169.4  1017 215 1855 
S3 B.a 5457.62 71.3  688.4  
  
1079 
 B.b 6775.58 88.5  839.0  764 106 1315 
S3 C.a 5569.90 72.8  706.3  
  
1112 
 C.b 6937.75 90.6  874.8  791 119 1377 
 
HPLC-Benzoic acid concentration-Day 0 





in the vial 
ppm in the 
sample 
AVG STD 
ppm in the  
water phase 
AVG SD 
C1 A.a - - - - - - 
- - 
 A.b - - - - - - 
C1 B.a - - - - - - 
 B.b - - - - - - 
C1 C.a - - - - - - 
 C.b - - - - - - 




 A.b 6251.68 81.8 798 761 53 1023 
C2 B.a 6056.90 79.2 779 
  
975 
 B.b 5608.52 73.4 723 751 40 905 
C2 C.a 3814.42 49.9 488 
  
616 
 C.b 5433.06 71.1 702 595 152 887 




 A.b 8000.82 104.7 1012 862 211 1437 
C3 B.a 6167.98 80.7 771 
  
1110 
 B.b 5437.81 71.1 692 731 56 997 
C3 C.a 5939.65 77.7 754 
  
1076 





HPLC-Sorbic acid concentration-Day 0 





in the vial 
ppm in the  
sample 
AVG SD 
ppm in the  
water phase 
AVG SD 
S1 A.a - - - - - - 
- - 
 A.b - - - - - - 
S1 B.a - - - - - - 
 B.b - - - - - - 
S1 C.a - - - - - - 
 C.b - - - - - - 




 A.b 4109.48 69.1 669 627 59 1017 
S2 B.a 3385.70 56.9 537 
  
807 
 B.b 3714.49 62.5 588 563 36 883 
S2 C.a 3454.88 58.1 547 
  
839 
 C.b 3901.00 65.6 632 589 60 970 




 A.b 3300.97 55.5 523 475 68 829 
S3 B.a 2273.86 38.2 369 
  
579 
 B.b 3483.68 58.6 555 462 132 870 
S3 C.a 2296.16 38.6 375 
  
590 
 C.b 2086.83 35.1 339 357 26 533 
 
HPLC-Sorbic acid concentration-Day 0 





in the vial 
ppm in the 
sample 
AVG SD 
ppm in the  
water phase 
AVG SD 
C1 A.a - - - - - - 
- - 
 A.b - - - - - - 
C1 B.a - - - - - - 
 B.b - - - - - - 
C1 C.a - - - - - - 
 C.b - - - - - - 




 A.b 2831.82 48.0 468 424 62 600 
C2 B.a 2264.71 38.4 377 
  
472 
 B.b 1931.73 32.7 322 350 39 404 
C2 C.a 1546.31 26.2 256 
  
323 
 C.b 2385.20 40.4 399 328 101 504 




 A.b 5372.77 91.0 880 759 171 1250 
C3 B.a 3855.91 65.3 624 
  
899 
 B.b 3327.22 56.4 548 586 53 790 
C3 C.a 3160.17 53.5 519 
  
742 






The gas analyzer takes a measurement when the needle perforates the package. If it was necessary to 
insert the needle more than once, it is stated by colour code:  





CO2 (%)   
Code Time total (days) 1 2 3 AVG SD 
S1 0.0 41.00 42.50 40.40 41.30 1.08 
 1.8 36.80 37.10 37.40 37.10 0.30 
 4.9 38.70 36.40 37.10 37.40 1.18 
 7.8 39.70 35.30 38.20 37.73 2.24 
 11.8 40.10 41.60 37.40 39.70 2.13 
 14.8 40.80 39.60 38.90 39.77 0.96 
 18.9 41.40 41.80 40.10 41.10 0.89 
 21.8 41.40 39.90 40.50 40.60 0.75 
S2 0.0 41.00 42.50 40.40 41.30 1.08 
 1.8 34.80 35.50 37.50 35.93 1.40 
 4.9 36.70 35.20 34.30 35.40 1.21 
 7.8 36.40 35.40 34.60 35.47 0.90 
 11.8 35.20 34.50 35.10 34.93 0.38 
 14.8 35.30 34.20 36.00 35.17 0.91 
 18.9 35.30 34.90 36.80 35.67 1.00 
 21.8 35.80 35.20 36.40 35.80 0.60 
 25.8 38.10 37.00 36.50 37.20 0.82 
S3 0.0 41.00 42.50 40.40 41.30 1.08 
 1.8 36.40 36.60 35.10 36.03 0.81 
 4.9 35.20 35.80 35.90 35.63 0.38 
 7.8 36.50 34.20 33.90 34.87 1.42 
 11.8 34.10 34.90 34.00 34.33 0.49 
 14.8 34.80 35.30 44.50 34.87 0.40 
 18.9 36.20 37.30 36.70 36.73 0.55 
 21.8 36.30 35.30 36.50 36.03 0.64 
 25.8 36.20 35.70 36.70 36.20 0.50 
C1 0.0 37.70 37.30 39.00 38.00 0.89 
 2.0 38.90 37.20 37.10 37.73 1.01 
 5.9 38.20 36.40 34.00 36.20 2.11 
 8.8 38.40 36.90 37.30 37.53 0.78 
 12.8 40.40 32.50 40.70 37.87 4.65 
 15.8 38.70 40.10 39.50 39.43 0.70 
 19.8 42.30 40.50 41.20 41.33 0.91 
 22.8 45.20 43.70 43.70 44.20 0.87 
C2 0.0 37.70 37.30 39.00 38.00 0.89 
 2.0 38.40 34.30 38.50 37.07 2.40 
 5.9 37.00 37.10 37.40 37.17 0.21 
 8.8 33.80 35.80 35.30 34.97 1.04 
 12.8 35.10 35.40 34.80 35.10 0.30 
 15.8 34.10 34.90 35.20 34.73 0.57 
 19.8 36.70 35.70 36.70 36.37 0.58 
 22.8 37.70 35.70 36.50 36.63 1.01 
 26.8 38.30 37.00 36.60 37.30 0.89 
C3 0.0 37.70 37.30 39.00 38.00 0.89 
 2.0 36.30 35.00 35.50 35.60 0.66 
 5.9 35.80 35.30 36.70 35.93 0.71 
 8.8 34.20 34.50 34.50 34.40 0.17 
 12.8 34.30 33.50 33.80 33.87 0.40 
 15.8 33.80 32.50 33.90 33.40 0.78 
 19.8 34.70 34.30 35.10 34.70 0.40 
 22.8 34.60 35.00 35.70 35.10 0.56 










O2 (%)   
Code Time total (days) 1 2 3 AVG SD 
S1 0.0 0.09 0.08 0.07 0.08 0.01 
 
1.8 0.07 0.07 0.07 0.07 0.00 
 
4.9 0.03 0.01 0.03 0.02 0.01 
 
7.8 0.00 1.27 0.00 0.42 0.73 
 
11.8 0.00 0.00 0.81 0.27 0.47 
 
14.8 0.00 0.00 0.13 0.04 0.08 
 
18.9 0.00 0.00 0.00 0.00 0.00 
 
21.8 0.00 0.38 0.00 0.13 0.22 
S2 0.0 0.09 0.08 0.07 0.08 0.01 
 
1.8 0.07 0.07 0.08 0.07 0.01 
 
4.9 0.06 0.05 0.05 0.05 0.01 
 
7.8 0.05 0.40 0.38 0.28 0.20 
 
11.8 0.03 0.02 0.03 0.03 0.00 
 
14.8 0.04 0.03 0.02 0.03 0.01 
 
18.9 0.03 0.05 0.01 0.03 0.02 
 
21.8 0.00 0.02 0.00 0.01 0.01 
 
25.8 0.00 0.00 0.00 0.00 0.00 
S3 0.0 0.09 0.08 0.07 0.08 0.01 
 
1.8 0.11 0.10 0.10 0.10 0.01 
 
4.9 0.10 0.09 0.10 0.10 0.01 
 
7.8 0.08 0.76 0.08 0.31 0.39 
 
11.8 0.07 0.07 0.06 0.06 0.00 
 
14.8 0.05 0.05 0.05 0.05 0.00 
 
18.9 0.02 0.15 0.00 0.06 0.08 
 
21.8 0.00 0.00 0.00 0.00 0.00 
 
25.8 0.00 0.00 0.00 0.00 0.00 
C1 0.0 0.09 0.07 0.08 0.08 0.01 
 
2.0 0.05 0.04 0.05 0.05 0.01 
 
5.9 0.03 0.02 1.31 0.45 0.74 
 
8.8 0.00 0.00 0.00 0.00 0.00 
 
12.8 0.00 2.90 0.00 0.97 1.67 
 
15.8 0.00 0.00 0.00 0.00 0.00 
 
19.8 0.00 0.00 0.00 0.00 0.00 
 
22.8 0.00 0.00 0.00 0.00 0.00 
C2 0.0 0.09 0.07 0.08 0.08 0.01 
 
2.0 0.05 1.34 0.05 0.48 0.74 
 
5.9 0.02 0.04 0.03 0.03 0.01 
 
8.8 1.17 0.02 0.02 0.40 0.66 
 
12.8 0.02 0.02 0.02 0.02 0.00 
 
15.8 0.00 0.00 0.00 0.00 0.00 
 
19.8 0.01 0.01 0.02 0.01 0.00 
 
22.8 0.00 0.01 0.01 0.01 0.01 
 
26.8 0.00 0.00 0.00 0.00 0.00 
C3 0.0 0.09 0.07 0.08 0.08 0.01 
 
2.0 0.10 0.09 0.09 0.09 0.01 
 
5.9 0.08 0.07 0.08 0.08 0.01 
 
8.8 0.07 0.06 0.70 0.27 0.37 
 
12.8 0.05 0.03 0.03 0.04 0.01 
 
15.8 0.01 0.01 0.02 0.01 0.01 
 
19.8 0.02 0.02 0.02 0.02 0.00 
 
22.8 0.42 0.02 0.02 0.15 0.23 
 










N2 (%)   
Code Time total (days) 1 2 3 AVG SD 
S1 0.0 58.90 57.50 59.50 58.63 1.03 
 
1.8 63.10 62.80 62.50 62.80 0.30 
 
4.9 61.30 63.60 62.90 62.60 1.18 
 
7.8 60.30 63.40 61.80 61.83 1.55 
 
11.8 59.90 58.40 61.80 60.03 1.70 
 
14.8 59.20 60.40 61.00 60.20 0.92 
 
18.9 58.60 58.20 59.90 58.90 0.89 
 
21.8 58.60 59.70 59.50 59.27 0.59 
S2 0.0 58.90 57.50 59.50 58.63 1.03 
 
1.8 65.20 64.40 62.40 64.00 1.44 
 
4.9 63.20 64.70 65.60 64.50 1.21 
 
7.8 63.60 64.50 65.40 64.50 0.90 
 
11.8 64.70 65.50 64.90 65.03 0.42 
 
14.8 64.60 65.70 64.00 64.77 0.86 
 
18.9 64.70 65.00 63.20 64.30 0.96 
 
21.8 64.20 64.80 63.60 64.20 0.60 
 
25.8 61.90 63.00 63.50 62.80 0.82 
S3 0.0 58.90 57.50 59.50 58.63 1.03 
 
1.8 63.50 63.30 64.80 63.87 0.81 
 
4.9 64.70 64.10 64.00 64.27 0.38 
 
7.8 65.40 65.70 66.10 65.73 0.35 
 
11.8 64.90 65.90 65.90 65.57 0.58 
 
14.8 65.20 64.70 65.50 65.13 0.40 
 
18.9 63.70 62.50 63.30 63.17 0.61 
 
21.8 63.70 64.70 63.50 63.97 0.64 
 
25.8 63.80 64.30 63.30 63.80 0.50 
C1 0.0 62.20 62.60 60.90 61.90 0.89 
 
2.0 61.10 62.80 62.90 62.27 1.01 
 
5.9 61.80 63.50 64.70 63.33 1.46 
 
8.8 61.60 63.10 62.70 62.47 0.78 
 
12.8 59.60 64.60 59.30 61.17 2.98 
 
15.8 61.30 59.90 60.50 60.57 0.70 
 
19.8 57.70 59.50 58.80 58.67 0.91 
 
22.8 54.80 56.30 56.30 55.80 0.87 
C2 0.0 62.20 62.60 60.90 61.90 0.89 
 
2.0 61.60 64.30 61.40 62.43 1.62 
 
5.9 63.00 62.90 62.50 62.80 0.26 
 
8.8 65.00 64.10 64.70 64.60 0.46 
 
12.8 64.90 64.60 65.20 64.90 0.30 
 
15.8 65.90 65.10 64.80 65.27 0.57 
 
19.8 63.30 64.30 63.30 63.63 0.58 
 
22.8 62.30 64.30 63.50 63.37 1.01 
 
26.8 61.70 63.00 63.40 62.70 0.89 
C3 0.0 62.20 62.60 60.90 61.90 0.89 
 
2.0 63.60 64.90 64.40 64.30 0.66 
 
5.9 64.10 64.60 63.20 63.97 0.71 
 
8.8 65.70 65.40 65.40 65.50 0.17 
 
12.8 65.70 66.40 66.10 66.07 0.35 
 
15.8 66.20 67.50 66.10 66.60 0.78 
 
19.8 65.30 65.70 64.90 65.30 0.40 
 
22.8 65.00 65.00 64.30 64.77 0.40 
 







(see explanatory colour codes on page 136) 
Code Time total (days) 
Aerobic plate count on LH 
Log (cfu/g) 
1 2 3 AVG SD 
S1 0.0 5.10 5.18 5.22 5.17 0.06 
 
1.8 5.66 5.59 5.89 5.71 0.16 
 
4.9 7.10 7.00 7.23 7.11 0.11 
 
7.8 8.64 8.78 8.69 8.70 0.07 
 
11.8 8.43 9.16 8.96 8.85 0.38 
 
14.8 8.92 8.90 8.80 8.88 0.07 
 
18.9 8.83 8.97 8.93 8.91 0.07 
 
21.8 8.91 8.80 8.78 8.83 0.07 
S2 0.0 5.10 5.18 5.22 5.17 0.06 
 
1.8 5.17 5.10 5.14 5.13 0.04 
 
4.9 5.32 5.48 5.11 5.30 0.19 
 
7.8 6.78 6.76 6.75 6.76 0.02 
 
11.8 8.01 7.75 7.68 7.81 0.18 
 
14.8 8.30 8.40 8.09 8.26 0.16 
 
18.9 8.51 8.41 8.33 8.42 0.09 
 
21.8 8.14 7.84 8.42 8.13 0.29 
 
25.8 8.60 8.47 8.57 8.55 0.07 
S3 0.0 5.10 5.18 5.22 5.17 0.06 
 
1.8 5.49 5.66 5.68 5.61 0.11 
 
4.9 5.88 5.96 5.97 5.94 0.05 
 
7.8 7.21 6.89 7.12 7.07 0.16 
 
11.8 8.03 8.06 8.92 8.33 0.50 
 
14.8 8.22 8.26 8.08 8.19 0.09 
 
18.9 8.29 8.38 8.38 8.35 0.05 
 
21.8 8.47 8.64 8.43 8.52 0.11 
 
25.8 8.61 8.46 8.41 8.49 0.10 
C1 0.0 5.04 5.07 5.03 5.05 0.02 
 
2.0 5.31 5.28 5.40 5.33 0.06 
 
5.9 7.10 7.04 6.88 7.01 0.12 
 
8.8 8.27 7.99 8.08 8.11 0.14 
 
12.8 9.05 8.92 8.88 8.95 0.09 
 
15.8 8.93 9.05 8.96 8.98 0.06 
 
19.8 9.11 8.99 8.99 9.03 0.07 
 
22.8 8.64 9.09 8.79 8.84 0.22 
C2 0.0 5.04 5.07 5.03 5.05 0.02 
 
2.0 4.90 4.96 5.00 4.95 0.05 
 
5.9 5.06 4.90 4.77 4.91 0.15 
 
8.8 5.96 5.80 6.11 5.96 0.16 
 
12.8 7.57 7.36 7.39 7.44 0.11 
 
15.8 8.77 8.44 7.78 8.33 0.50 
 
19.8 8.26 8.53 8.21 8.34 0.17 
 
22.8 8.69 8.46 8.12 8.43 0.29 
 
26.8 8.82 8.97 8.79 8.86 0.10 
C3 0.0 5.04 5.07 5.03 5.05 0.02 
 
2.0 5.09 5.12 5.11 5.11 0.01 
 
5.9 5.15 4.41 5.15 4.91 0.43 
 
8.8 6.18 5.44 5.57 5.73 0.39 
 
12.8 7.18 7.16 7.25 7.20 0.05 
 
15.8 7.86 7.91 8.07 7.95 0.11 
 
19.8 8.63 9.05 8.69 8.79 0.23 
 
22.8 8.51 8.38 8.93 8.61 0.29 
 





Code Time total (days) 
Lactic acid bacteria on NAP 
Log (cfu/g) 
1 2 3 AVG SD 
S1 0.0 1.00 - 1.00 1.00 0.00 
 1.8 3.25 3.16 3.26 3.22 0.05 
 4.9 6.34 6.58 6.95 6.62 0.31 
 7.8 7.46 7.20 7.41 7.36 0.14 
 11.8 8.01 8.32 8.13 8.15 0.16 
 14.8 8.12 8.55 8.42 8.36 0.22 
 18.9 8.36 8.52 8.35 8.41 0.10 
 21.8 8.64 8.24 8.45 8.44 0.20 
S2 0.0 1.00 - 1.00 1.00 0.00 
 1.8 2.33 2.88 2.48 2.57 0.28 
 4.9 4.97 5.02 4.57 4.85 0.24 
 7.8 6.69 6.81 6.75 6.75 0.06 
 11.8 7.71 7.82 7.68 7.74 0.07 
 14.8 7.86 8.13 8.07 8.02 0.14 
 18.9 8.35 8.50 8.26 8.37 0.12 
 21.8 8.13 7.74 8.25 8.04 0.27 
 25.8 8.47 8.35 8.54 8.45 0.10 
S3 0.0 1.00 - 1.00 1.00 0.00 
 1.8 2.69 2.89 2.98 2.85 0.15 
 4.9 5.21 5.32 5.51 5.35 0.15 
 7.8 6.80 6.63 6.98 6.81 0.18 
 11.8 7.97 7.96 7.91 7.95 0.03 
 14.8 8.13 8.23 8.11 8.16 0.07 
 18.9 8.00 8.58 8.30 8.29 0.29 
 21.8 8.33 8.35 8.45 8.38 0.07 
 25.8 8.47 8.47 8.47 8.47 0.00 
C1 0.0 - 1.30 - 1.30 - 
 2.0 1.96 2.08 1.76 1.93 0.16 
 5.9 4.50 4.15 5.01 4.55 0.43 
 8.8 7.31 6.49 6.46 6.76 0.48 
 12.8 8.12 8.54 8.43 8.36 0.22 
 15.8 8.54 7.39 8.31 8.08 0.61 
 19.8 8.15 8.73 8.26 8.38 0.31 
 22.8 8.19 8.45 8.19 8.28 0.15 
C2 0.0 - 1.30 - 1.30 - 
 2.0 1.85 1.75 1.71 1.77 0.07 
 5.9 3.12 3.08 3.49 3.23 0.23 
 8.8 5.33 5.57 5.87 5.59 0.27 
 12.8 7.68 7.25 7.30 7.41 0.23 
 15.8 8.43 8.38 8.31 8.37 0.06 
 19.8 8.14 8.56 8.13 8.28 0.24 
 22.8 8.72 8.30 8.09 8.37 0.32 
 26.8 8.92 8.80 8.94 8.89 0.08 
C3 0.0 - 1.30 - 1.30 - 
 2.0 1.00 1.75 1.74 1.50 0.43 
 5.9 3.15 2.00 3.50 2.88 0.79 
 8.8 4.65 4.84 4.95 4.81 0.16 
 12.8 7.14 7.00 7.29 7.14 0.14 
 15.8 7.85 8.61 7.85 8.10 0.44 
 19.8 8.57 8.98 8.66 8.74 0.22 
 22.8 8.49 8.49 8.52 8.50 0.02 





Code Time total (days) 
Listeria monocytogenes on Palcam 
Log (cfu/g) 
1 2 3 AVG SD 
S1 0.0 3.02 3.32 3.22 3.19 0.15 
 1.8 3.68 3.56 4.06 3.77 0.26 
 4.9 4.53 5.10 5.37 5.00 0.42 
 7.8 5.32 5.10 5.27 5.23 0.12 
 11.8 5.00 5.76 5.29 5.35 0.38 
 14.8 4.89 5.18 5.24 5.10 0.19 
 18.9 5.78 5.57 5.41 5.59 0.19 
 21.8 6.24 5.25 5.65 5.71 0.50 
S2 0.0 3.02 3.32 3.22 3.19 0.15 
 1.8 2.80 3.07 3.36 3.08 0.28 
 4.9 3.36 3.49 3.11 3.32 0.19 
 7.8 3.38 3.38 3.35 3.37 0.02 
 11.8 2.98 2.98 3.08 3.01 0.06 
 14.8 2.30 3.04 2.84 2.73 0.38 
 18.9 2.95 2.74 2.96 2.88 0.12 
 21.8 2.30 2.15 2.98 2.48 0.44 
 25.8 2.74 2.65 2.43 2.61 0.16 
S3 0.0 3.02 3.32 3.22 3.19 0.15 
 1.8 3.36 3.17 3.54 3.36 0.19 
 4.9 3.59 3.51 3.55 3.55 0.04 
 7.8 2.96 3.17 3.23 3.12 0.14 
 11.8 3.30 3.49 3.49 3.43 0.11 
 14.8 2.83 3.35 2.96 3.05 0.27 
 18.9 3.28 3.39 3.21 3.29 0.09 
 21.8 3.27 3.17 3.27 3.23 0.06 
 25.8 3.08 2.90 2.87 2.95 0.11 
C1 0.0 2.60 3.55 3.43 3.19 0.52 
 2.0 3.39 3.56 3.31 3.42 0.13 
 5.9 3.92 3.83 4.37 4.04 0.29 
 8.8 4.58 4.18 3.48 4.08 0.56 
 12.8 4.53 4.60 4.73 4.62 0.11 
 15.8 5.70 3.95 5.10 4.92 0.89 
 19.8 5.78 5.49 4.71 5.32 0.55 
 22.8 5.33 6.06 5.18 5.52 0.47 
C2 0.0 2.60 3.55 3.43 3.19 0.52 
 2.0 3.36 3.02 3.31 3.23 0.18 
 5.9 3.00 2.91 3.06 2.99 0.08 
 8.8 3.00 2.61 3.20 2.94 0.30 
 12.8 3.08 2.30 2.73 2.70 0.39 
 15.8 3.03 2.69 2.71 2.81 0.19 
 19.8 2.65 2.67 2.47 2.60 0.11 
 22.8 2.88 2.48 2.50 2.62 0.23 
 26.8 2.52 2.60 2.74 2.62 0.11 
C3 0.0 2.60 3.55 3.43 3.19 0.52 
 2.0 2.79 3.08 3.03 2.97 0.16 
 5.9 3.22 2.72 3.40 3.11 0.35 
 8.8 2.78 3.26 3.41 3.15 0.33 
 12.8 2.81 2.63 2.91 2.78 0.14 
 15.8 2.32 2.78 2.46 2.52 0.24 
 19.8 2.38 2.05 2.59 2.34 0.28 
 22.8 2.47 2.22 2.15 2.28 0.17 






Appendix 4: Raw data from the challenge test II 
CHEMICAL ANALYSES  








% Dry matter AVG SD 
SS1 A 18.88149 22.05715 20.08003 37.7 
36.94 1.35 
 
B 19.73995 22.43886 20.69495 35.4 
 
C 18.95410 21.54362 19.93013 37.7 
SS2 A 19.87590 22.74962 20.71306 29.1 
29.61 0.60 
 
B 21.10251 24.09151 22.00756 30.3 
 
C 18.90472 21.94875 19.80015 29.4 
SS3 A 19.31460 21.47712 19.76019 20.6 
20.81 0.36 
 
B 19.80718 23.01238 20.46744 20.6 
 
C 19.90720 23.09829 20.58453 21.2 
SS4 A 20.25281 23.82742 20.97444 20.2 
20.34 0.15 
 
B 17.80399 22.26264 18.71043 20.3 
 
C 19.15632 22.27408 19.79522 20.5 
 










% Lipid AVG SD 
SS1 A 18.9421 10.16 8.28 19.3815 22.62 
23.00 0.53 
 
B 18.9040 9.97 7.89 19.3285 23.38 
SS2 A 19.1670 9.71 7.82 19.4283 14.59 
13.92 0.94 
 
B 18.7366 9.85 8.80 19.0081 13.25 
SS3 A 20.2517 14.68 10.60 20.3754 3.30 
3.79 0.70 
 
B 19.3342 15.04 7.91 19.4566 4.29 
SS4 A 18.6253 14.65 7.93 18.7050 2.84 
2.94 0.14 
 
B 19.5470 14.63 8.89 19.6423 3.04 
 
pH measurement-Day 0 
Code Sample pH AVG SD 
SS1 A 5.47 
5.47 0.01  B 5.46 
 C 5.49 
SS2 A 5.73 
5.73 0.00  B 5.74 
 C 5.73 
SS3 A 5.36 
5.25 0.09  B 5.18 
 C 5.20 
SS4 A 5.54 
5.54 0.02  B 5.52 
 C 5.57 
151 
 










% NaCl in the water phase=%WPS 
%WPS AVG SD 
SS1 A 2.10 5.492 1.51 37.74 2.37 
2.30 0.06 
 
B 2.24 5.878 1.51 35.38 2.29 
 
C 2.01 5.002 1.44 37.69 2.25 
SS2 A 2.22 5.921 1.54 29.13 2.12 
2.21 0.07 
 
B 2.23 6.178 1.60 30.28 2.24 
 
C 2.09 5.921 1.63 29.42 2.26 
SS3 A 2.10 5.931 1.63 20.61 2.01 
2.09 0.07 
 
B 2.19 6.555 1.73 20.60 2.13 
 
C 2.01 5.979 1.72 21.23 2.13 
SS4 A 2.30 6.957 1.74 20.19 2.14 
2.16 0.02 
 
B 2.01 6.178 1.77 20.33 2.18 
 
C 2.06 6.314 1.77 20.49 2.18 
 
HPLC-Lactic acid concentration-Day 0 
RT standard solution (13.178-13.193). Slope (0.432211134) 
Code Sample Area 
(30 µl) 
mg/l 
in the vial 
ppm in the 
sample 
AVG SD ppm in the 
water phase 
AVG SD 





A.b 179.44 77.6 774 623 214 774 




B.b 161.23 69.7 689 703 20 689 




C.b 191.88 82.9 810 821 15 810 





A.b 49.72 21.5 215 433 309 215 




B.b 93.23 40.3 395 434 56 394 




C.b 170.82 73.8 715 655 85 715 





A.b 265.53 114.8 1106 927 254 1106 




B.b 257.15 111.1 1066 1.030 51 1066 




C.b 238.58 103.1 1022 954 97 1022 





A.b 181.94 78.6 778 742 52 778 




B.b 166.23 71.8 713 779 93 713 











HPLC-Acetic acid concentration-Day 0 
RT standard solution (15.596-15.617), Slope (0.588012555) 
Code Sample Area 
(30 µl) 
mg/l 
in the vial 
ppm in the 
sample 
AVG SD ppm in the 
water phase 
AVG SD 




 A.b 69.65 41.0 409 403 9 409 
SS1 B.a 61.76 36.3 350 
  
541 
 B.b 56.24 33.1 327 338 16 327 
SS1 C.a 85.11 50.0 467 
  
749 
 C.b 65.71 38.6 378 422 63 378 




 A.b 22.51 13.2 132 182 70 132 
SS2 B.a 28.28 16.6 164 
  
170 
 B.b 39.40 23.2 227 196 44 227 
SS2 C.a 28.46 16.7 160 
  
227 
 C.b 57.22 33.6 326 243 117 326 




 A.b 275.08 161.8 1559 1383 249 1559 
SS3 B.a 299.22 175.9 1631 
  
2054 
 B.b 308.34 181.3 1738 1685 76 1738 
SS3 C.a 261.72 153.9 1493 
  
1894 
 C.b 295.61 173.8 1723 1608 163 1723 




 A.b 143.37 84.3 834 825 13 834 
SS4 B.a 159.43 93.7 918 
  
1152 
 B.b 148.44 87.3 867 893 37 867 
SS4 C.a 163.55 96.2 923 
  
1161 





HPLC-Sorbic acid concentration-Day 0 





in the vial 
ppm in the 
sample 
AVG SD 
ppm in the 
water phase 
AVG SD 




 A.b 4210.82 72.6 725 591 189 725 
SS1 B.a 3834.26 66.1 637 
  
985 
 B.b 3987.70 68.8 680 658 31 680 
SS1 C.a 4885.46 84.2 786 
  
1261 
 C.b 2976.21 51.3 502 644 201 502 




 A.b 1670.57 28.8 288 373 120 288 
SS2 B.a 2096.52 36.2 357 
  
369 
 B.b 3144.40 54.2 531 444 123 531 
SS2 C.a 2772.61 47.8 457 
  
648 
 C.b 3026.27 52.2 506 481 34 506 




 A.b 3985.35 68.7 662 569 132 662 
SS3 B.a 3541.84 61.1 566 
  
713 
 B.b 3633.12 62.6 601 583 24 601 
SS3 C.a 3237.46 55.8 541 
  
687 
 C.b 3651.56 63.0 624 583 58 624 




 A.b 2765.14 47.7 472 464 11 472 
SS4 B.a 2892.25 49.9 489 
  
613 
 B.b 2703.33 46.6 463 476 18 463 
SS4 C.a 3031.03 52.3 502 
  
631 





HPLC-Benzoic acid concentration-Day 0 





in the vial 
ppm in the  
sample 
AVG SD 
ppm in the  
water phase 
AVG SD 




 A.b 7108.92 92.7 925 754 243 925 
SS1 B.a 6730.48 87.8 845 
  
1308 
 B.b 7006.88 91.4 904 875 42 904 
SS1 C.a 8336.15 108.7 1014 
  
1628 
 C.b 5186.93 67.6 661 838 250 661 




 A.b 4187.90 54.6 545 696 213 545 
SS2 B.a 5307.31 69.2 684 
  
707 
 B.b 7596.94 99.1 970 827 202 970 
SS2 C.a 6957.52 90.7 868 
  
1229 
 C.b 7548.72 98.4 954 911 61 954 




 A.b 9620.09 125.5 1209 1041 237 1209 
SS3 B.a 8017.51 104.6 969 
  
1221 
 B.b 8150.24 106.3 1019 994 35 1019 
SS3 C.a 7490.14 97.7 947 
  
1202 
 C.b 8306.50 108.3 1074 1011 89 1074 




 A.b 7581.47 98.9 978 965 19 978 
SS4 B.a 7810.16 101.9 998 
  
1252 
 B.b 7462.24 97.3 966 982 22 966 
SS4 C.a 8207.37 107.0 1028 
  
1293 





HPLC-Citric acid concentration-Day 0 





in the vial 
ppm in the 
sample 
AVG SD 
ppm in the 
water phase 
AVG SD 




 A.b 1278.31 371.3 3706 3095 864 3706 
SS1 B.a 1239.87 360.1 3467 
  
5367 
 B.b 1333.74 387.4 3833 3650 258 3833 
SS1 C.a 1614.74 469.0 4374 
  
7022 
 C.b 932.87 271.0 2648 3511 1221 2648 




 A.b 749.30 217.6 2172 2981 1143 2172 
SS2 B.a 978.13 284.1 2806 
  
2902 
 B.b 1505.38 437.2 4280 3543 1042 4280 
SS2 C.a 1297.84 377.0 3605 
  
5107 
 C.b 1689.42 490.7 4754 4179 812 4754 




 A.b 1492.16 433.4 4177 3539 902 4177 
SS3 B.a 1231.51 357.7 3315 
  
4175 
 B.b 1240.51 360.3 3455 3385 98 3455 
SS3 C.a 1055.48 306.6 2973 
  
3773 
 C.b 1175.95 341.6 3385 3179 291 3385 




 A.b 1424.65 413.8 4094 3793 425 4094 
SS4 B.a 1430.57 415.5 4071 
  
5108 
 B.b 1184.29 344.0 3415 3743 464 3415 
SS4 C.a 1429.35 415.2 3986 
  
5014 














CO2 (%)   
Code Time total (days) 1 2 3 AVG SD 
SS1 0.0 37.20 37.40 37.90 37.50 0.36 
 
2.9 32.50 32.40 30.20 31.70 1.30 
 
4.8 31.00 32.30 32.20 31.83 0.72 
 
6.9 32.80 37.20 34.60 34.87 2.21 
 
9.9 35.40 36.10 39.30 36.93 2.08 
 
11.9 38.60 37.30 38.50 38.13 0.72 
 
13.8 36.50 39.00 40.80 38.77 2.16 
 
17.8 40.30 38.00 37.20 38.50 1.61 
 
20.9 39.30 44.40 37.10 40.27 3.74 
SS2 0.0 37.20 37.40 37.90 37.50 0.36 
 
2.9 31.90 30.00 33.40 31.77 1.70 
 
4.8 29.10 31.00 29.70 29.93 0.97 
 
6.8 32.70 31.20 32.60 32.17 0.84 
 
9.9 34.40 34.60 33.30 34.10 0.70 
 
11.9 36.40 37.60 38.20 37.40 0.92 
 
13.8 38.80 38.90 37.50 38.40 0.78 
 
17.8 39.30 38.00 39.30 38.87 0.75 
 
20.9 39.10 37.90 37.80 38.27 0.72 
SS3 0.0 37.40 34.30 36.50 36.07 1.59 
 
2.9 32.50 33.40 31.80 32.57 0.80 
 
6.9 33.50 34.90 33.00 33.80 0.98 
 
9.9 32.30 31.70 31.30 31.77 0.50 
 
11.9 32.80 33.20 32.30 32.77 0.45 
 
13.8 33.60 33.60 33.60 33.60 0.00 
 
17.8 34.50 32.70 33.30 33.50 0.92 
 
20.9 33.70 35.10 34.40 34.40 0.70 
SS4 0.0 37.40 34.30 36.50 36.07 1.59 
 
2.9 33.30 33.10 32.00 32.80 0.70 
 
4.8 32.00 31.00 31.10 31.37 0.55 
 
6.8 31.60 31.80 32.90 32.10 0.70 
 
9.9 33.20 33.90 33.00 33.37 0.47 
 
11.9 33.70 34.00 34.10 33.93 0.21 
 
13.8 35.30 35.10 35.30 35.23 0.12 
 
17.8 34.00 35.30 34.70 34.67 0.65 
 








O2 (%)   
Code Time total (days) 1 2 3 AVG SD 
SS1 0.0 0.09 0.21 0.10 0.13 0.07 
 
2.9 0.17 0.57 0.27 0.34 0.21 
 
4.8 0.18 0.29 0.18 0.22 0.06 
 
6.9 0.77 0.13 0.11 0.34 0.37 
 
9.9 0.10 0.05 0.04 0.06 0.03 
 
11.9 0.04 0.03 0.04 0.04 0.01 
 
13.8 0.03 0.02 0.02 0.02 0.00 
 
17.8 0.02 0.017 0.02 0.02 0.00 
 
20.9 0.02 0.02 0.01 0.01 0.00 
SS2 0.0 0.09 0.21 0.10 0.13 0.07 
 
2.9 0.18 0.19 0.18 0.18 0.01 
 
4.8 0.71 0.18 0.43 0.44 0.27 
 
6.8 0.12 0.10 0.14 0.12 0.02 
 
9.9 0.10 0.02 0.03 0.05 0.04 
 
11.9 0.01 0.01 0.01 0.01 0.00 
 
13.8 0.02 0.02 0.01 0.02 0.00 
 
17.8 0.01 0.01 0.01 0.01 0.00 
 
20.9 0.01 0.02 0.01 0.01 0.00 
SS3 0.0 0.08 1.26 0.09 0.47 0.68 
 
2.9 0.17 0.18 0.16 0.17 0.01 
 
6.9 0.17 0.17 0.15 0.16 0.01 
 
9.9 0.17 0.16 0.17 0.17 0.01 
 
11.9 0.14 0.14 0.14 0.14 0.00 
 
13.8 0.16 0.15 0.16 0.15 0.01 
 
17.8 0.10 0.13 0.07 0.10 0.03 
 
20.9 0.16 0.04 0.03 0.08 0.07 
SS4 0.0 0.08 1.26 0.09 0.47 0.68 
 
2.9 0.17 0.21 0.15 0.17 0.03 
 
4.8 0.20 0.16 0.15 0.17 0.02 
 
6.8 0.14 0.15 0.18 0.16 0.02 
 
9.9 0.11 0.09 0.11 0.10 0.01 
 
11.9 0.05 0.03 0.01 0.03 0.02 
 
13.8 0.02 0.02 0.08 0.04 0.04 
 
17.8 0.02 0.03 0.04 0.03 0.01 
 








N2 (%)   
Code Time total (days) 1 2 3 AVG SD 
SS1 0.0 62.70 62.40 62.00 62.37 0.35 
 
2.9 67.40 67.00 69.50 67.97 1.34 
 
4.8 68.80 67.40 67.60 67.93 0.76 
 
6.9 66.50 62.70 65.30 64.83 1.94 
 
9.9 64.50 63.90 60.70 63.03 2.04 
 
11.9 61.30 62.60 61.50 61.80 0.70 
 
13.8 63.40 61.00 59.20 61.20 2.11 
 
17.8 59.70 62.00 62.80 61.50 1.61 
 
20.9 60.70 55.60 62.90 59.73 3.74 
SS2 0.0 62.70 62.40 62.00 62.37 0.35 
 
2.9 68.00 69.80 66.40 68.07 1.70 
 
4.8 70.20 68.80 69.70 69.57 0.71 
 
6.8 67.20 68.70 67.20 67.70 0.87 
 
9.9 65.50 65.40 66.70 65.87 0.72 
 
11.9 63.60 62.40 61.80 62.60 0.92 
 
13.8 61.20 61.10 62.50 61.60 0.78 
 
17.8 60.70 61.90 60.70 61.10 0.69 
 
20.9 60.90 62.10 62.10 61.70 0.69 
SS3 0.0 62.50 64.40 63.40 63.43 0.95 
 
2.9 67.40 66.40 68.10 67.30 0.85 
 
6.9 66.30 65.00 66.90 66.07 0.97 
 
9.9 67.60 68.20 68.60 68.13 0.50 
 
11.9 67.10 66.70 67.60 67.13 0.45 
 
13.8 66.30 66.20 66.20 66.23 0.06 
 
17.8 65.50 67.20 66.60 66.43 0.86 
 
20.9 66.20 64.80 65.60 65.53 0.70 
SS4 0.0 62.50 64.40 63.40 63.43 0.95 
 
2.9 66.50 66.70 67.80 67.00 0.70 
 
4.8 67.80 68.80 68.80 68.47 0.58 
 
6.8 68.20 68.10 67.00 67.77 0.67 
 
9.9 66.70 67.00 66.90 66.87 0.15 
 
11.9 66.20 65.90 65.90 66.00 0.17 
 
13.8 64.70 64.80 64.60 64.70 0.10 
 
17.8 66.00 64.70 65.20 65.30 0.66 
 






(see explanatory colour codes on page 136) 
Code Time total (days) 
Aerobic plate count on LH 
Log (cfu/g) 
1 2 3 AVG SD 
SS1 0.0 3.96 3.89 3.87 3.91 0.05 
 
2.9 5.57 5.85 5.74 5.72 0.14 
 
4.8 6.92 7.24 7.15 7.10 0.16 
 
6.9 8.25 8.47 8.56 8.43 0.16 
 
9.9 8.26 8.81 8.56 8.54 0.28 
 
11.9 8.47 8.58 8.37 8.47 0.11 
 
13.8 8.28 8.17 8.31 8.25 0.07 
 
17.8 8.65 8.39 8.68 8.57 0.16 
 
20.9 8.40 8.57 8.39 8.45 0.10 
SS2 0.0 3.96 3.89 3.87 3.91 0.05 
 
2.9 6.02 5.62 5.66 5.76 0.22 
 
4.8 6.73 6.86 6.50 6.69 0.18 
 
6.8 8.18 7.98 7.78 7.98 0.20 
 
9.9 8.66 8.39 8.33 8.46 0.18 
 
11.9 8.55 8.56 8.60 8.57 0.02 
 
13.8 8.50 8.51 8.40 8.47 0.06 
 
17.8 8.56 8.48 8.28 8.44 0.14 
 
20.9 8.94 8.97 9.24 9.05 0.17 
SS3 0.0 3.65 3.85 3.78 3.76 0.10 
 
2.9 4.29 4.34 4.27 4.30 0.04 
 
6.9 5.69 5.26 5.49 5.48 0.21 
 
9.9 6.27 6.05 5.94 6.08 0.17 
 
11.9 6.64 6.81 7.10 6.85 0.23 
 
13.8 6.81 6.48 7.01 6.77 0.27 
 
17.8 7.46 6.99 7.98 7.48 0.50 
 
20.9 7.38 8.51 8.29 8.06 0.60 
SS4 0.0 3.65 3.85 3.78 3.76 0.10 
 
2.9 5.19 5.86 5.18 5.41 0.39 
 
4.8 6.22 6.05 6.04 6.10 0.10 
 
6.8 7.34 7.54 7.06 7.31 0.24 
 
9.9 8.57 8.66 8.39 8.54 0.13 
 
11.9 8.67 8.57 9.04 8.76 0.25 
 
13.8 8.63 8.90 8.56 8.70 0.18 
 
17.8 8.58 8.53 8.73 8.61 0.10 
 





Code Time total (days) 
Lactic acid bacteria on NAP 
Log (cfu/g) 
1 2 3 AVG SD 
SS1 0.0 2.64 2.48 2.45 2.52 0.10 
 
2.9 5.65 5.84 5.75 5.75 0.10 
 
4.8 6.88 7.17 7.16 7.07 0.17 
 
6.9 8.10 8.25 8.12 8.15 0.09 
 
9.9 8.20 8.50 8.46 8.38 0.16 
 
11.9 8.39 8.35 8.37 8.37 0.02 
 
13.8 8.32 8.29 8.25 8.28 0.03 
 
17.8 8.45 8.28 8.44 8.39 0.10 
 
20.9 8.27 8.40 8.10 8.26 0.15 
SS2 0.0 2.64 2.48 2.45 2.52 0.10 
 
2.9 6.02 5.60 5.65 5.76 0.23 
 
4.8 6.69 6.69 6.47 6.62 0.13 
 
6.8 8.17 7.95 7.94 8.02 0.13 
 
9.9 8.52 8.36 8.27 8.38 0.13 
 
11.9 8.63 8.50 8.83 8.65 0.17 
 
13.8 8.47 8.47 8.53 8.49 0.04 
 
17.8 8.68 8.81 8.54 8.68 0.14 
 
20.9 8.56 8.68 8.43 8.56 0.12 
SS3 0.0 2.47 2.50 2.62 2.53 0.08 
 
2.9 4.03 3.99 4.01 4.01 0.02 
 
6.9 5.40 5.22 5.49 5.37 0.14 
 
9.9 6.02 5.72 5.78 5.84 0.16 
 
11.9 6.63 6.88 6.84 6.79 0.13 
 
13.8 6.95 6.48 6.91 6.78 0.26 
 
17.8 7.42 7.03 7.80 7.42 0.39 
 
20.9 7.15 7.97 7.99 7.70 0.48 
SS4 0.0 2.47 2.50 2.62 2.53 0.08 
 
2.9 4.99 4.66 4.91 4.85 0.17 
 
4.8 5.86 5.43 5.55 5.61 0.22 
 
6.8 7.41 7.60 7.18 7.40 0.21 
 
9.9 8.50 8.37 8.33 8.40 0.09 
 
11.9 8.54 8.70 8.99 8.74 0.23 
 
13.8 8.61 9.06 8.91 8.86 0.23 
 
17.8 8.35 8.57 8.39 8.44 0.12 
 





Code Time total (days) 
Listeria monocytogenes on Palcam 
Log (cfu/g) 
1 2 3 AVG SD 
SS1 0.0 3.98 3.82 3.84 3.88 0.08 
 
2.9 3.93 4.00 3.91 3.95 0.05 
 
4.8 3.83 4.06 4.05 3.98 0.13 
 
6.9 3.94 3.80 3.90 3.88 0.07 
 
9.9 3.84 3.93 4.09 3.95 0.13 
 
11.9 3.95 3.65 3.81 3.80 0.15 
 
13.8 3.59 3.98 3.99 3.85 0.23 
 
17.8 3.83 3.82 3.80 3.82 0.02 
 
20.9 3.64 3.98 4.18 3.93 0.28 
SS2 0.0 3.98 3.82 3.84 3.88 0.08 
 
2.9 4.12 4.11 4.08 4.10 0.02 
 
4.8 4.06 4.04 4.07 4.06 0.02 
 
6.8 3.93 3.84 3.69 3.82 0.12 
 
9.9 3.81 3.50 3.96 3.75 0.23 
 
11.9 3.99 4.01 3.91 3.97 0.05 
 
13.8 3.89 4.05 4.06 4.00 0.09 
 
17.8 3.83 3.79 3.89 3.83 0.05 
 
20.9 3.80 3.70 3.98 3.83 0.14 
SS3 0.0 3.87 3.72 3.62 3.74 0.13 
 
2.9 3.80 3.72 3.80 3.77 0.04 
 
6.9 4.05 3.90 3.77 3.91 0.14 
 
9.9 3.97 3.84 3.62 3.81 0.18 
 
11.9 3.74 3.78 3.90 3.81 0.08 
 
13.8 3.97 3.55 3.83 3.78 0.21 
 
17.8 3.84 3.48 4.01 3.78 0.27 
 
20.9 3.86 3.83 3.75 3.81 0.06 
SS4 0.0 3.87 3.72 3.62 3.74 0.13 
 
2.9 3.83 3.75 3.66 3.74 0.08 
 
4.8 3.68 3.96 3.80 3.81 0.14 
 
6.8 3.89 3.87 3.89 3.88 0.01 
 
9.9 3.61 3.89 3.78 3.76 0.14 
 
11.9 3.88 3.75 3.88 3.84 0.07 
 
13.8 3.64 3.83 3.56 3.68 0.14 
 
17.8 3.59 3.99 3.53 3.70 0.25 
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